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ABSTRACT
The Müssbauer spectra of three types of ferrous silicates, 
almandine garnet, olivine and hedenbergite, have been recorded over a 
wide range of temperatures, and the effects on the spectra of substitu­
tion by magnetic or non-magnetic ions have been investigated.
A new assignment has been proposed for the 3d spin-allowed 
crystal field levels of the Fe^+ ion in the 8-fold coordinated site of 
almandine garnet.
Several synthetic Ca, Mg and Mn iron-olivines were prepared 
and the site populations determined.
The low temperature spectra of fayalite have been investigated 
and the two subspectra corresponding to Fe^+ in the M(l) and M(2) sites 
have been identified. Single crystal studies at high temperatures have 
been employed to determine the EFG principal axes at both sites and the 
orientation of the hyperfine field at both sites. An estimate of 
exchange interactions in the olivine structure has been made from the 
compositional variation of N^el point of the Mn-Fe olivines.
Natural samples of hedenbergite have been investigated over 
a wide temperature range and the hyperfine parameters have been deter­
mined. The spectra of an oriented single crystal are presented, and the
relative peak intensities indicate that a change of orientation of the
2+ 2+EFG principal axes occurs on substitution of Mn for Fe ions in the 
M(l) sites.
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CHAPTER 1.
Introduction
As iron is a major component of many rock-forming minerals,
57Fe Mössbauer spectroscopy has become a major analytical aid for 
mineralogists and geochemists. This technique has provided valuable 
information relating to oxidation state, electronic configuration, SLte 
populations, order-disorder phenomena and mineral structure.
Early Mössbauer studies of iron silicates were of a quali­
tative nature only and many spectra of natural silicate minerals were 
12  3published * * . These have subsequently been used in the identification 
of iron-containing multi-phase assemblages in many samples including 
those of meteoric4,5 or lunar o r i g i n s ^ * F r o m  the relative areas of 
peaks, accurate estimates can be generally obtained on the relative 
percentage of iron atoms in each mineral phase and the ferrous to ferric 
ratio. Estimates of the Fe^+/Fe5+ ratios using the more conventional 
methods are not as reliable. Oxidation of iron may occur on chemical 
analysis and neutron or X-ray diffraction techniques do not easily 
differentiate Fe^+ and Fe5+ ions when they occur together. Furthermore, 
optical examination and X-ray methods are difficult for poorly crystal­
lized materials. The Mössbauer atom, being sensitive to its immediate 
environment, may be used to investigate amorphous and glassy materials 
with equal ease.
A knowledge of the oxidation state of iron, or ratio of the 
oxidation states is of considerable importance in explaining such
phenomena as colour, pleochroism, oxidation and weathering of minerals.
8 3 +The high pressure investigations of Champion et_ al^  show that Fe is 
reduced to Fe^+ with increasing pressure, so that the ratio of these 
ions in the earth’s interior may form the basis of a useful geobarometer.
2 .
2+ 3+In some minerals, such as pyroxenes, the Fe /Fe ratio has been
9correlated with the temperature and/or pressure during crystallization .
Generally, the silicate minerals have two or more cation
sites into which the commonly occurring cations such as Fe, Ca, Mg, Mn,
Na and A1 can enter. Often these cations show a distinct preference
for a particular site. Site preferences between structurally distinct
cation sites gives valuable information on the size and crystal field
stabilization energy (CFSE) of the site and may be a useful indicator
of the thermal history of these minerals'^. Mtfssbauer spectroscopy has
made a major contribution to this area of research over the last decade.
The simplest application of Mössbauer spectroscopy as a fingerprint
technique for the study of silicate minerals has been well described in
11 12two papers by Bancroft et_ al_ * . In their first paper the influence
of electronic configuration, coordination number and oxidation state
was correlated with the quadrupole splitting and isomer shift for Fe in
silicates of known structure and then extended, in their second paper,
to silicates whose structure had not been completely determined.
In detailed room temperature investigations of the crystal
chemistry of minerals containing iron in two or more sites or in bulk
samples containing several different iron phases difficulties arise in
resolving closely overlapping peaks. Use was then made of the differing
temperature dependence of the quadrupole splitting in resolving the
overlapping doublets. These temperature-dependent studies enabled more
accurate estimates of site occupation and degree of order-disorder present
in the sample under investigation. This technique has been extended to
the magnetically ordered region and the magnetic hyperfine splittings
have been used to determine the Fe^+/Fe^+ ratios in complex silicate 
. 13minerals
When the crystal structure of the mineral is known, fitting 
the temperature dependence of the quadrupole splitting, arising from
3 .
the ferrous ion, provides information on the lower-lying crystal field
levels. These levels which occur in the 0-1000 cm * region are not
easily detected, because of the strong vibrational bands arising from 
57the lattice. For Fe, in the paramagnetic state, it is not possible
to determine the sign of the quadrupole splitting from randomly oriented
powdered samples. It is then necessary to use single crystals or a method
14first suggested by Ruby and Flinn of perturbing the Mössbauer spectrum
by application of a large externally applied magnetic field. Extension
of this method to single crystals lead to a measure of the magnetic
anisotropy occurring and also allowed an estimate of the quadrupole
moment to be made^*^. When single crystals are available the spectrum
can be analysed to give the principal electric field gradient (EFG)
directions at the iron sites, enabling a more detached study of the ground
state wavefunction. However, relatively few examples of this technique
have been published due to the difficulty of obtaining homogeneous
inclusion-free single crystals.
Several silicate minerals are known to magnetically order
at low temperatures and provide information on the sign and magnitude
of the EFG together with the magnitude and orientation of the hyperfine
field. These data may be used to determine the nature of the ground
state wavefunction and in favourable circumstances permit a complete
assignment of the crystal field levels to be made. A few preliminary
studies of this type have been published on Fe^+ silicates, for example,
17 18fayalite (Fe^SiO^) , orthoferrosilite (FeSiO^) and almandine garnet 
19 20(Fe^A^Si^O^) * • However, there is little detailed work on the
use of this technique in mineralogy.
In this thesis a detailed study of the magnetically-ordered 
spectra of three ferrous silicates, almandine garnet, olivine and 
hedenbergite is presented. Because of the variation in type and concen­
tration of ions, such as Mg^ + , Mn^+, Ca^+, occupying the Fe^ sites,
other problems relating to nearest neighbour effects and order are 
considered. Consequently, the study is expanded to cover a wide temp­
erature and concentration range. Use is made, where applicable, of 
single crystals to help clarify the situation and to obtain information 
on EFG directions and wavefunctions. The three systems to be studied 
were chosen for a number of different reasons. The garnet and olivine 
systems were of particular interest,as a range of problems had arisen 
from studies of the optical spectra. Such problems as a lack of polar­
ization data for garnet (due to the cubic symmetry of the space lattice) 
and the use of approximate site symmetries in olivine, makes any check 
on the assignment of the crystal field levels difficult. Also the 
lower-lying levels are obscured by strong vibrational bands due to the 
host lattice.
Both systems have been previously investigated by Mtfssbauer
spectroscopy in the magnetically ordered region 6>18,19, £or a
number of reasons they were not entirely satisfactory. The two published
spectra of almandine garnet are poorly resolved and one spectrum con-
19tained additional lines which were not observed in the other published 
20spectrum . In the case of fayalite, which is the iron-rich end member
of the olivine family, the two sites result in two subspectra with several
overlapping peaks making the analysis difficult. Resolution was not
sufficient to allow an assignment of the subspectra to their respective
17sites from the Mössbauer data . An allocation based on symmetry
arguments led to a conflict with the interpretation of the neutron 
21diffraction data . Furthermore, the ambiguity which arises in determining 
the parameters from a powder spectrum was not considered in the analysis 
of either almandine garnet or fayalite.
The hedenbergite system was chosen as it is intrinsically 
easier to handle. Since there is only one site available to the ferrous 
ion the problems of order and resolving multiple spectra in the magnetically
5 .
ordered region are eliminated. A good quality single crystal of 
hedenbergite was available making polarization studies possible.
In this thesis each mineral is accorded a separate chapter, 
including both the experimental results and discussion. From the 
different methods employed in the study of these systems, comparative 
comments can be made of the advantages and disadvantages of each 
method. A short discussion is included in the final chapter. During 
this work, a study was made on some metamict minerals. These are 
minerals whose structure has been partially or completely destroyed 
by internal radiation damage arising from radioactive impurities, such 
as U, Th. As these results do not form a part of the main objective 
of the thesis, they are included as Appendix A.
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CHAPTER 2.
Theory
As Mössbauer spectroscopy is now a well known and widely used 
technique (see refs. 22-24), a general description of the theory is 
considered unnecessary. Only those aspects of the theory necessary for 
the interpretation of the experimental spectra of the silicates investi- 
gated are discussed here. Most emphasis is placed on high-spin Fe ^ as 
it is the predominant state of the iron in all the silicates studied in 
this work.
2.1. Electrostatic Interactions
The electrostatic interaction E of the nuclear charge with 
the surrounding electrons and ions can be simply expressed as an integral 
over the nuclear volume.
(2-1)
where p(r) is the nuclear charge density and V(r) the potential resulting 
from the charges surrounding the nucleus. The variation of V(r) over 
the small but finite nucleus can be adequately expressed by expanding 
V(r) in a Taylor's series about the nuclear centre of mass, hence
2 )
Vo p(r)dx + 2 
i
[3 V
3x.
o ;
xip(r)dx +
1 r a v  
xix_.p(r)dx + . . . ( 2 - 2 )
The first term in equation (2-2) represents the electrostatic energy 
of a point nucleus and is independent of nuclear size, shape and orienta­
tion. The second term is the electric dipole moment and vanishes. In 
fact, if there is no degeneracy of nuclear states with different parity 
and the nuclear Hamiltonian is unaltered by an inversion of its coordinates, 
then no odd electrical multipole can exist. Neglecting the hexadecapole
7 .
and higher terms, equation (2-2) becomes
Vo p(r)dT + \ 2 2 
z i j
f d 2V '
,3x.3x., ,
 ^ i  3; o J
xix_. p(r)dx
Vo
r *2U }. , , 1 y y 3ZVp(r)dT ♦ g. £ ( 3 7 ^ (3x.x. - 6. .r2)p(r)di i J ij
6i .^r2p(r)dT
V0 p(r)dT * ^ f V n r2p(r)di + 7 2 2 V. . Q. .6 i j ij (2-3)
32Vwhere V. . = ~ ~ —  and Q. . =lj dX^dXj xij (3xix_. - 6i_.r2)p(r)dx.
The three terms of equation (2-3) are discussed further in the following 
sections.
2.1.1. Isomer Shift
The first term of equation (2-3), V q p(r)dx = V0Ze , as
stated earlier, represents the Coulomb energy of the point charge in 
a potential field V(r). The second term describes the electrostatic 
interaction between the electronic and nuclear charge distribution within 
the nucleus. With the help of Poisson's law
2 V . .  = - 47re |i|j( (2-4)
where |^0 |2 is the electronic charge density at the nucleus, the 
second term can be written as
3 H U 2 r2p(r)dx (2-5)
Assuming uniform charge distribution over the nucleus, one obtains the 
following interaction energy
8 .
EI ■ VoZe - | 1rZe2|,('ol2R2 (2-6)
where R is the radius of the nucleus and,since it depends on the 
nuclear state,the energy difference between the ground state and excited 
state is given by
Eo - (R 2- R 2) g e (2-7)
where E0 is the energy difference between the two states in the absence
of any electric or magnetic fields, R and R are the radii of the ground2 g
and excited states respectively. A Mössbauer experiment measures the 
difference of the transition energy between a source (S) and an absorber (A) 
This is termed the isomer shift (I.S.) and is given by
I.S. f T'zycRy- Re2) [ k ia2 - I*0 1 S (2-8)
The further assumption (R^2 ■ ~ 2Rg(R^-Re) *s usua^ y  made. The
value of (R - R )/R is approximately -5x10 4 for b7F e ^ ^ ’^ ^ .  Thus 2  ^ S
an increase in electron density at the nucleus will lead to a decrease
in the observed isomer shift value.
The quantity |^0 |2 i-s generally taken as the s-electron
density at the nucleus. When relativistic effects are considered,
p-electrons do give a small contribution, but this is only a small fraction
(27)of total nuclear electron density . Since the s-electrons are shielded 
by other electrons, in particular by the d-electrons, the value of |^0 |2 
is a complex function of the electronic configuration of the ion. A 
calibration of isomer shift values with the total s-density density at
the nucleus for high spin iron compounds was first attempted by
(28) (29)Walker et aly . This was later modified by Danon^ 7 to allow for a
change in configuration of the ferric ion on bonding. Neither model
9 .
allowed for the effects of covalency between d-electrons and filled 
ligand orbitals. At the present time, the application of these quanti­
tative calculations to actual chemical compounds is doubtful. In 
mineralogy the usual method of using isomer shift data is by comparison 
with data derived from iron atoms in known coordination geometries with 
known ligands.
There is an additional contribution to the isomer shift as a
result of the motion of the nucleus in the lattice. If the velocity
of the motion in the direction of the y-ray at the instant of emission
1231or absorption is v then the energy for resonance is
Ev (2-9)
The third and latter terms are relativistic terms. Usually the second 
term averages to zero as the period of vibration is much less than the
• y c hlife time of the excited state (~10 sec for Fe). The second order 
doppler energy E 0 <  V 2 >  /2c2 does not average to zero and contributes 
to the isomer shift. This term is the major contribution to the temper­
ature dependence of the isomer shift. Equation (2-8) does not explicitly 
contain temperature dependent terms, but temperature effects on the 
population of electronic energy levels and variation in lattice parameters 
with temperature can indirectly affect the values of |^0|2 and hence 
the temperature dependence.
2.1.2. Quadrupole Interaction
The orientation-dependent last term in equation (2-3) can 
be written as
I 2 hi <ki (2-10)
where the coordinate axes lie along the principal axes of the EFG.
10 .
The nuclear part operates in the manifold of |l M >  and involves 
matrix elements of the form <  IMj | . | IM^ . >  . Since is a second 
rank, symmetric and traceless tensor, its components may be related to 
the one scalar quantity Q, "the nuclear electric quadrupole moment".
Q is defined as the expectation value, measured in units of the proton 
charge, e, of Q in the state in which 1^ = I, that is
eQ = <  I,M’=I|Qz z |I,Mi=I >  . [2-11)
Physically speaking, Q measures the departure of the nuclear charge 
distribution from spherical symmetry.
According to the Wigner-Eckart theorem
<  I,Mj|Q..ll.Mj >  = eQK2I-1) <  I,M* I2 |I,Mj >  .
The electronic operator can always be reduced to diagonal form 
by an orthogonal transformation to the set of 'principal axes'.
Since V2V + V + Vxx yy zz
two parameters are sufficient to specify the field gradient in the 
principal axes system, usually
(2-12)
Vzz
82V _
d z 2
eq
n(asymmetry parameter)
V - V xx yy
Vzz
(2-13)
Without loss of generality the principal axes can be oriented with the 
z-axis lying along the direction of maximum field gradient and the x-axis 
along the direction of minimum field gradient, that is
11.
|v \ >  \V I >  |v1 zz1 yy xx (2-14)
From equation (2-12), |V | = IV + V I , and thus V and V have n 1 zz1 1 xx yy xx yy
the same sign, and 0 ^  q ^  1.
The Hamiltonian corresponding to equation (2-10) can now be
written
eQ.n OTroT [V I 2 + V I 2 + V I Q 21(21-1) zz z xx x yy y
e2qQ [21 2 - 1(1 + 1) + 0(1 2 - I 2)1 
41(21-1) Z X y
— - —  [31 2 - 1(1 + 1) + —(I 2 + I 2) ]41(21-1) 1 z 1 J 2U + - JJ (2-15)
where I = I ± il .± x y
* S 7 1The nuclear state of Fe, with I = y, is spherically 
symmotriG and honce has zero quadrupole moment. Matrix elements 
resulting from the quadrupole Hamiltonian H^ operating on the set of
3spin I = ^ basis wave functions whose spatial axes are the principal 
axes of the EFG tensor are:
I — M > 3 1 3 12 1 2 2 2 2
3
2
—  i
3A /3qA 0 0
1
"2 /3r|A -3A 0 0
3
"2 0 0 3A /3nA
1
2 0 0 /3nA -3A
(2-16)
e2qQ
41(21-1)
eQV,
where A 12
The resultant eigenvalues are doubly degenerate and for non-zero n the 
wavefunctions contain admixtures of states which differ in M by ±2, 
as follows
3 y  > 
2 » 2
3 _3'
2 * 2
3 1_
2 » 2
>
>
13 3 ^  . 13 1 ^cosp \- , - >  + sinp \j ,~2 >
13 3 . 13 1 ^
C0Sp '2 y~2 +  Sinp '2 * 2 >
■ 13 3 13 1 ^
sinp \j ,~2 >  - C0SP \j > 2 >
3 1 '^ . ,3 3  ^ ,3 1 ^
2 >~2 > = Slnp ' J  ’ 2 “ C0Sp <2* * T  >
(2-17)
with cosp =
sz
1 +
3+ry , and the corresponding eigenvalues are
:±3
2
1 +
(
E±i- = - 3A[1 + t
(2 -18)
The quadrupole splitting AQ is defined as the difference E+3, - E+1, ;
"2 "2
thus
r n 2 'i
6A 1 ♦  V
I eQ
. 2 ^
1 +
(2 -19)
2.2. Origin of EFG
In relatively ionic ferrous compounds the EFG at the nucleus 
can be considered to originate from two distinct sources. One is often
referred to as the ’’lattice contribution" since it arises from all the
1 3 .
charges which surround the ion,and the other as the "valence contribution" 
which results from the electrons in incompletely filled shells of the 
ion itself.
In general, the EFG at the nuclear site is not the same as
(30 311that at the atomic site. Sternheimer * has argued that the fieLd
gradient originating from aspherical valence electrons results in a
polarization of the closed electron shells which in turn induces an EFG
of opposite sign on the nucleus. This polarization involves both angular
and radial rearrangement of electronic charge and the associated Sternheimer
shielding factor R is usually small but positive. The generally accepted
(32 331value of R for high spin ferrous iron is 0.32 ’ . It was subsequently
(341pointed out by Foley, Sternheimer and Tycko that the core electrons 
were also perturbed by any EFG arising from the charges external to the 
ion and involved mainly radial modes of excitations. The resulting 
antishielding factor y^ is usually large and negative, with y ^  ~ -9.1 
for the Fe^+ i o n ^ ^  .
Thus the elements of the EFG tensor seen by the nucleus are
obtained as
V. . = (1 - y ) (V. .) . + (1-R)(V. . (2-2lj ,Q0' ij Lattice ij Valence
where the three tensors are expressed with respect to the same axis 
system. This matrix can be diagonalized and the values of V and q 
required to calculate the quadrupole splitting obtained.
2.2.1. The Lattice Contribution
The lattice contribution to the elements of the EFG tensor 
is given b y ^ ^
vi. zk (3xki L . - r, 26. .) r. kj k l y k -5 (2- 21)
14.
where Z, is the effective charge of the k ^  ion at a positionK
(X, , X, . X, ), distant r. from the centre of the Müssbauer nucleus. ^ ki k2 K3 k
The summation is carried out over the whole lattice and in theory the
point charge approximation enables a straightforward calculation of the
elements of the EFG tensor to be made provided accurate information is
available on the charges and positions for all the ions in the crystal.
In practice, this type of calculation often fails to converge until ions
at relatively large distances from the central ion are included. Some
ingenious methods of grouping ions in clusters have been proposed to
1371overcome this difficulty . The physical validity of these calculations
may be doubtful as investigations of chromophores show there is a rapid
attenuation of next-neighbour effects with increasing distance from the
Chromophore^ J . However, the summation method is still widely used^
(321The lattice contribution, which according to Ingalls is
only a 'secondary effect of the crystalline field', can be related to the
(131second order axial and rhombic crystal field parameters which result 
in EFG components of opposite sign to those from the valence charge
(331
distribution. Nozik and Kaplan , however, carried out a direct lattice 
sum calculation on several ferrous compounds using a simple point charge 
model, and found that this relationship was not generally valid, and that 
while the contribution is not always opposite in sign it is nevertheless 
fairly small. Hazony et a l ^ ^  have criticised this work and maintain
(411that molecular orbital calculations have shown that much smaller
(331ionic charges than those used by Nozik and Kaplan should have been 
employed.
2.2.2. The Valence Contribution
Contributions from the valence electrons to the EFG tensor 
are calculated by an extension of the point charge method for a con- 
tinuous charge distribution^ , that is
1 5 .
V. . 
i j
p ( x , y , z ) ( 3 x  x 
JT J
r 2ö . . ) r  5dT ij ( 2 - 22 )
where p i s  the  charge d e n s i t y  o f  a volume element  dx.  These e lem en ts  
a re  o b t a in e d  by r e p l a c i n g  the  d e n s i t y  p(xyz) by the  square  o f  th e  
p a r t i c u l a r  w avefunc t ion  f o r  the  va lence  e l e c t r o n  o r b i t a l .  The wave- 
f u n c t i o n s  which a re  a co n v en ien t  b a s i s  s e t  f o r  the  s tudy  o f  the  s i l i c a t e  
m in e ra l s  p r e s e n t e d  in  t h i s  work a re  l i n e a r  combinations  o f  s p h e r i c a l  
harmonics  t r a n s fo rm i n g  as E and . These a re
dz2 ~ Y“ ~ |0  > E
CM1CMX ~ (Yj ♦ y ; 2 ) / / 2  ~ 4 { | 2 >  +
| -2 >  } •_
dxy ~ (Y2 - Y P ) / / 2  ~ ä { ' 2 > -
| -2 >  }
dyz ~ (Y‘ + Y p ) / / 2  ~
+A
1-1 >  )
T2
dxz ~ (Y‘ - Y ~ 4 { | 1 > -
1-1 > }
(2-23)
4’ 4’ 4’ 4 4 for (dx y ’ d*-z’ dYz’ Vy‘ ’ r e s Pe c t i v e l y- Xt i s
The a p p r o p r i a t e  ' s  f ° r  t h e s e  o r b i t a l s  a re  d e r iv e d  from th e  m a t r ix  
e lem en ts  t a b u l a t e d  in  Appendix C. For example,  th e  v a lues  o f  V  z z > in  
u n i t s  o f  e <  r  3 >  , where e i s  t h e  charge  on the  p ro to n  and <  r  3 >  i s  
the  e x p e c t a t i o n  va lue  o f  r  3 over  th e  o r b i t a l  w avefunc t ion ,  a re
d ,
e a s i l y  seen t h a t  the  c o n t r i b u t i o n  from th e  f i v e  e l e c t r o n s  f i l l i n g  th e  
h a l f  s h e l l  i s  ze ro ,  l e a v in g  only  t h e  s i x t h  e l e c t r o n  to  be c o n s id e r e d .
At low te m p e r a t u r e s  only  the  lowes t  energy  o r b i t a l  i s  
p o p u la te d  by the  s i x t h  ' d '  e l e c t r o n ,  b u t  a t  h ig h e r  t e m p e ra tu r e s  t h i s  
d - e l e c t r o n  w i l l  p a r t i a l l y  p o p u la t e  the  o t h e r  o r b i t a l s  th rough  a Boltzmann 
d i s t r i b u t i o n .  The the rm al  t r a n s i t i o n  t imes  between th e s e  l e v e l s  a re  
g e n e r a l l y  much s h o r t e r  t h a n  the  quadrupole  p r e c e s s i o n  t i m e s , so \A_. becomes 
th e  ensemble average
1 6 .
Vi j
(T) 2  <  V. , 
n ^
(2-24)
where k i s  th e  Boltzmann c o n s t a n t .  Higher energy  s t a t e s  with  
En ^  5 may be igno red  in  th e  summation as t h e i r  c o n t r i b u t i o n  i s  some­
what l e s s  than  1% o f  t h e  t o t a l  c o n t r i b u t i o n  from the  lower l y i n g  l e v e l s .
Often in  p r a c t i c e  th e  w avefunc t ions  a re  o b ta in e d  as l i n e a r  
com bina tions  o f  th e  pure  1d * o r b i t a l s ,  t h a t  i s
2  a . d. 
k = i  nk k
(2-25)
where d. , k = 1-5 a re  t h e  f i v e  3d o r b i t a l s  and th e  a . a r e  the  k nk
a p p r o p r i a t e  no rm al ized  c o e f f i c i e n t s .  The EFG t e n s o r  e lements  a re  then  
ex p re s s e d  as
(V. .) i j  n ip V. . ip dr  n i j  n
5 5 *
2  2 a , a 0
k - l  £ .1  nk
d, V. . d„ d t  k i j  i (2-26)
and th e  u sua l  Boltzmann summation i s  c a r r i e d  ou t  over  the  d i f f e r e n t  ib .n
2 . 3 .  Combined Magnetic and Quadrupole I n t e r a c t i o n s
The a p p r o p r i a t e  H amiltonian  f o r  th e  combined i n t e r a c t i o n
which de te rm ines  the  e i g e n v a lu e s  and e i g e n f u n c t i o n s  o f  a n u c leu s  in  a
s t a t e  o f  s p in  I a c t e d  on by th e  EFG t e n s o r  and a magnetic  h y p e r f in e
f i e l d  H, c i s  h f
K  =  3 C  + ^
Q
4T3TT) [ 3 h 2 - I ( I+1)  + "(V- O  1
- g jd NH^£ [ I zcos + (I^costJ) + I s inc)))sin6]
(2-27)
1 7 .
where
0,4> are the polar and azimuthal angles of in the 
EFG principal axis system, 
gj is the nuclear g-factor for state I 
is the nuclear magneton.
In the ground state I = y the quadrupole interaction vanishes 
leaving only the magnetic interaction terms to be included in the matrix
I -E cos0o
-EgSin0e^
1_
2
-EgSin0e ^  
EgCos0
(2-28)
With Eg = 2 yN “hf'
The eigenvalues of this matrix are easily found to be ± ^ g, p^ as
expected and the eigenfunctions are
1 i' >2 2
1 -I' >
2 2
. 6,1 l s  0 i<f> I 1 1 ^
Sln 2 I 2 2 > - C0S 2 3 *6 I 2 T >
0 , 1 1 ^  . 0 i4 I 1 1 ^
cos 2 I 2 2 >  + Sln 2 6 1 2 ‘2 >
(2-29)
3In the excited state, with I = y, the matrix has electric
quadrupole interactions that mix states differing in Mj. = ±2,and magnetic
dipole interactions which mix states differing in M = ±1, leading to
1 8 .
T 3 
1 = 2
Mi I
11
L13
0
22
*
'33
*
with
and
all = 3A - 3Bcos0
a22 = -3A - Bcos0
a33 = -3A + Bcos0
a44 = 3A + 3Bcos0
al2 = -/3 Bsin0e
a13 = /3 nA
a23 = -2Bsin0e ^
A =
eQV
zz n12 2 g| Un "hf 2
(2-30)
Analytical expressions have been derived for the solution of the
(42)eigenvalues and eigenvectors , but the usual procedure is to obtain 
the solution by conventional computer techniques. The corresponding 
line positions in a typical Mössbauer spectrum relative to the source 
energy are simply the differences between the eigenvalues of the excited 
and ground state matrix plus an energy term due to the isomer shift.
2.3.1. Relative Transition Probabilities
*
The calculation of relative transition probabilities requires 
the eigenvectors for both the excited and ground states to be known.
A convenient notation is
§  • i >
m I
i,my 2 » " i  > (2-31)
1 9 .
2 * i > S b .  I \  , ml  >». 3>mr 2 1
(2-32)
and n o r m a l i z a t i o n  r e q u i r e s  2 a.  .. = 2 b .  , 2 3 = 1. I f  a  and
m 1 i ,m l"  , 1nij I mj J  * I
3 a re  the  p o l a r  and az im utha l  a ng le s  o f  the  gamma ray  with r e s p e c t  to
th e  p r i n c i p a l  axes  system,  then  th e  t r a n s i t i o n  p r o b a b i l i t i e s  between 
l e v e l  j o f  th e  ground s t a t e  and i  o f  the  e x c i t e d  s t a t e  a re  then
P ( | ;  i  : j .* j) < i1 . I T M I 3 . v  v ü-, J I Tx ( a , 3) (2-33)
3)
(2-34)
AMwhere i s  t h e  magnetic  d ip o l e  o p e r a t o r  connec t ing  the  n u c l e a r
s t a t e s  I y , i  >  and | >  and i s  the  v e c t o r  s p h e r i c a l  harmonic
p e r p e n d i c u l a r  t o  th e  d i r e c t i o n  o f  t h e  gamma ray  em is s io n .  A p p l i c a t i o n
143)o f  the  Wigner-Eckar t  theorem J  t o  e q u a t io n  (2-34) r e s u l t s  in  the  
fo l low ing  e x p r e s s i o n  f o r  th e  t r a n s i t i o n  p r o b a b i l i t y
2 b 
mj.mj.' j ,m{ a i,m^' <  2 ,1 ,ml ,m^2,mi >  *X1 211T1 **2 >
mj.,m^' I * I
(2-35)
1 3Since  th e  reduced  m a t r ix  elemen t l s  common to  t r a n s i t i o n s
i t  may be o m i t t e d .  I n s e r t i n g  v a lu e s  o f  th e  Clebsch-Gordan c o e f f i c i e n t s
3 1<  Y »  l,mj.',m |^*,mj >  one o b t a i n s
AX"1 + B X^ + (2-36)
20.
with i * »^3* v *b . . a. 3 + b . j a . j
B = - \  [b* , a. j + b* j a. , ]v3 i,% J, -h i,-h
c = bU ai,-r T h],hai,-k
(44)The vector spherical harmonics are
i sina(-sinß.x + cosß.y)
(2-37)
sina ±iß ~ x±iy„ , — =— e . z + co sot. — -==-8 1 / 2  /2
and hence
P(|;i:yjj) cc (I A2 I + I C2 j) (l+cos2a) +2|B|2sin2 -„2,2 2
- Re [ 2AC*sin2a e"21  ^ + /2(BC*- AB*)sin2a e ^  ] .(2-38)
This is the usual expression for calculation of the relative transition
probabilities in single crystals when working in the principal axes
system of the EFG. For powdered absorbers the intensities are found by
(42)integration over a and ß leading to
PP0WDER[f;i4 i j) “ |A|2+|b |2 + |c |2 . (2-39)
In the absence of any hyperfine fields, the expression for 
the ratio of the areas of the quadrupole-split peaks in single crystals, 
first derived by Z o r y ^ ^  , follows directly from equations (2-17) and
(2-38); that is
21.
A |-,±|' >  4 [ (3+q2)/3] 2 + (3cos2a - 1 + qsin2acos2ß)
r i------  = ------------ p------------------------------  . (2-40)
\h,±h' >  4 [ (3+q2)/3] 2 - (3cos2a - 1 + qsin2acos2ß)
2.3.2. The Ambiguity Problem
Unfortunately for randomly oriented powdered samples, the 
Mtfssbauer spectra of 57Fe nuclei under the influence of electric quadrupole 
and magnetic dipole interactions does not lead to a unique determination 
for all the parameters involved, even if the intensities are taken into 
a c c o u n t . The energy level scheme corresponding to a combined quadrupole 
and magnetic interaction is illustrated in Figure 2.1a. Provided the 
ground and excited state nuclear magnetic moments are known, there still 
remain six independent parameters |H^| , AQ, 6, q, 0 and (f> which characterize 
the spectrum. There are only five independent measurable quantities 
resulting from an analysis of line positions. These are, the ground state 
splitting, A = y ^ g ^ | | , and four transition energies. The three para­
meters IHh£I, AQ and 6 can be determined unambiguously from the corresponding 
line positions while the remaining three q, 0 and cj) are usually confined 
to a finite range.
The secular equation, corresponding to matrix (2-30), may be 
expanded as a polynomial in the eigenvalues E^ as
E. 4 + a .E .3 - a E.2 + a E. + au = 01 1 1 2 1 3 ! 4
with a x = 0 (2-41a)
a2
n 2
= 18A2 (1 + !L_) + 10B2 (2-4lb)
a 3 = -24AB2 (3cos20 - 1 + qsin20cos2({)) (2-41c)
a 4
2
= [9A2(1 + *y“ )]2 + 18A2B2 (6sin20 + 4qsin20cos2(j) + q2cos20-5) + 9B4 
(2-4 Id)
where -A and B have been previously defined in equation (2-30).
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Fig. 2.1a. An energy level diagram for Fe with combined magnetic and 
quadrupole interactions.
VELOCITY +
i
Fig. 2.1b. Theoretically calculated spectrum corresponding to the energy 
level diagram of Fig. 2.1a.
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These coefficients can be related to the experimentally determined 
eigenvalues using the following polynomial properties
2 Et = -ai , 2 E 2 = 2a2 , 2 E E.E = -a, and E jE2EjE,,* a,, . (2-42)
i<j<k ^
The quadrupole splitting follows from equations (2-41b) and (2-42), and is
AQ = 7  2 E*2 ■ 5IIFa2
(2-43)
Expressions for p, 0 and 0 are obtained from equations (2-41) and may 
be written
(a, - 10B2)
- 3
6A
2 A 2
cos20
576B*A‘- 12a3A + (16B2-a2)2- 4a4 
24B2(72A2+ 10B2- a2)
(2-44a)
(2-44b)
cos2<f>
2 4 AB
3-2- - 3cos20 + 1 /■ / __ 2(n(i-cos 0) (2-44c)
The boundary conditions, 0 <  p ^  1, 0 ^  cos20 ^  1 and -1 ^  cos2c() ^  1
impose certain limits on the possible values of the A parameter. These 
limits for A, together with the corresponding boundary conditions are 
listed in Table 2.1. An equivalent set of limits for A has been 
derived by Dabrowski et ^1^47,48) wor^^ng in an axis system with the 
z axis parallel to the magnetic field, H ^ .  The numerical value for each 
limit is then calculated from the observed line positions in the spectrum 
and substituted back into the set of equations (2-44) to determine the 
corresponding ranges in p, 0 and (f> . The final choice of range is 
determined from the limits of A for which all the EFG parameters have a
■|Sti 
HS)
24.
Table 2.1.
Condi t.ion
(a„ - 10B2)'2 n-o
_ 12 (a2 - 10B )2 A n- i
a 3 ± [a2 - 16B2{(16B2-a2)2-4a4}]
96B
cos“0-O
-a3 ± [a2 - 32B2{24B2(10B2-a2) -(16B2-a2) 2 4a4}] ^
192B2
cos2G =1
12 v~2± ~  (a,- 10B2)^
— ■ {Wj + /3W 3 ± /3 [ (W3-/3W1)2+ W22]^ } 
{Wx - /3W3 ± /3 [ (W3 + /3W1)2+ W22]^ }
kCOS 2ty=±l
with Wj = -a3/16B2
w2 = 6B^ {8B^ 2ß2-a2) + fi2(a22-4a4) - ^
2 'h
/3r |32B4(a22-8B2) - B2 (a2 2-4a4) + ^-1A\h12B
25.
physical meaning.
As an example, the Mössbauer parameters calculated from the 
energy level diagram of Figure 2.1a based on = 184 kOe, yields 
AQ = 2.68 mm/sec, n = 0.05 + 0.85, 0 = 74° + 90° and <j> = 0° + 40°. The
relative intensity for each peak is found from equation (2-39) and the 
theoretical spectrum corresponding to this energy level diagram is 
shown in Figure 2.1b.
If any one of q, 0 or 4> is known, then the remaining two 
are uniquely determined, but it should be emphasized, in the case of 
powdered absorbers, that any consistent selection within their permissable 
range leads to identically shaped Mössbauer spectra. This is not un­
expected as the transition probabilities for powdered absorbers depend
only on the absolute values of the matrix elements which are in turn
(49)completely specified by the eigenvalues . Fortunately the same 
argument does not apply to single crystals and it is possible to determine, 
at least in theory, unambiguous values for q, 0 and <f>.
2.4. Origin of the Magnetic Hyperfine Field
The origin of effective fields in magnetic materials has been 
previously discussed by Watson and F r e e m a n a n d  enumerated by Marshall 
and Johnson^^ . The magnetic hyperfine field at the nuclear site 
originates predominantly from the atom's own electronic configuration 
and consists of three main contributions which can be expressed in terms 
of the orbital and spin angular momentum operators £ and 2, the Bohr 
magneton y and the 3d-electron radial coordinate r.D
The first contribution to be considered, is the field produced 
by the electronic spin density at the nucleus, the fermi contact field.
This term results from the polarization of the inner S electrons by 
exchange interaction with the 3d-electrons and is assumed to be proportional
26.
to the electronic spin <  S >  , so that
H = i-h < S >  (2-45)c 2 c
where h is the free ion contact constant. A value of -550 kOe has c
been calculated by Watson and Freeman^^ using the unrestricted Hartree-
(52 53 15)Fock method. There is considerable experimental evidence * * to
suggest that this value is a reasonable estimate provided allowances
are made for covalency. Since Hc is sensitive to the unpaired 3d-electron
spin density and transfer of spin density onto the surrounding ligands
by covalency will lead to a corresponding reduction in this term.
Provided the degree of covalency is not too great, the reduction in Hc
is expected to be similar to that observed in <r 3 >  .
The second contribution is the field produced by the orbital
(52)moment of the ferrous ion and is given by
H = 2y < r ~ 3 >  < L >  . (2-46)
L t> L
. - >In the magnetically ordered region <  L >  is generally non-zero because 
of the combined effects of spin-orbit coupling and exchange.
The remaining contribution is the dipolar field which arises 
from the dipolar interaction of the electrons with the nucleus, and is 
finite only when the orbitals are such that an aspherical spin density 
results. It may be written a s ^ ^
HD = 2 yB <  (3s.r)r/r2- s >  <  r"3 >D . (2-47)
Evaluation of by means of equivalent o p e r a t o r s g i v e s
hd = < r ~3 ^  tf + fa.£)£ - l(l+i) ] (2-48)
2 7 .
This  may be w r i t t e n
HDX 21 <  r  ^ (3L2-L(L+1) }S + m  L +L L )S + ^-(L L +L L )S x x 2 K x y y x y 2 v x z  z x  z _
HDY 21 yB <  T ^
HDZ 21 yB "" r  "D
(3L2-L(L+1) }S + ^-(L L +L L )S + ^(L L +1. L )S y y 2 y z z y  z 2 K x y y x  x
(2-49)
(3L2-L(L+1)}S + ^-(L L +L L )S + ^-(L L +L L )S .z z 2 x z z x  x 2 y z z y  y_
Both the  o r b i t a l  and d i p o l a r  f i e l d s  a re  expec ted  to  be 
reduced  somewhat by cova lency  e f f e c t s  which cause a r e d u c t i o n  o f < r  3 >
from i t s  f r e e - i o n  v a l u e ( 1 ^ , 5 3 )  ^ i g n o r in g  th e  d i f f e r e n c e  in  <  r  3 > L
(56)and < r  which i s  assumed to  be s m a l l ,  s i n c e  Freeman and Watson
d id  an u n r e s t r i c t e d  H ar t r ee -F ock  c a l c u l a t i o n  f o r  th e  f r e e  Fe^+ ion  and 
found them to  be a lmos t  i d e n t i c a l ,  then  an e f f e c t i v e  pa ram e te r  <  r  3 >  
can be d e f in e d  which may be de te rmined  from exper im en t .
mag
2 .5 .  C r y s t a l  F i e l d  C a l c u l a t i o n
In o r d e r  to  i n t e r p r e t  th e  observed  Mössbauer s p e c t r a  in  te rms 
o f  t h e  s u r round ing  env i ronm en t ,  i t  i s  conven ien t  t o  have a knowledge o f  
th e  3 d - e l e c t r o n i c  w avefunc t ions  which c h a r a c t e r i z e  the  e l e c t r i c  quadrupole  
and magnet ic  h y p e r f in e  i n t e r a c t i o n s .  The u su a l  approach in  t r e a t i n g  
r e l a t i v e l y  i o n i c  compounds i s  to  employ c r y s t a l  f i e l d  t h e o ry  d e s p i t e  i t s
r 381w el l  known f a i l i n g s 1 . S ince the  e f f e c t s  o f  s u r round ing  ions  drop o f f  
r a p i d l y  with  d i s t a n c e ,  on ly  th e  immediate ne ighbours  need be c o n s id e r e d .  
G e n e r a l l y ,  the  f i r s t  c o o r d i n a t i o n  sphere  has been found adequa te  to  
de te rm ine  th e  c r y s t a l  f i e l d  l e v e l s ( 5 7 » 5 8 > 5 9 ) .
The p o t e n t i a l  a t  th e  c e n t r a l  ion  due to  n e ighbour ing  charges  
Ze^ a t  a d i s t a n c e  ' a . ' may be c o n v e n ie n t ly  w r i t t e n  in  terms o f  s p h e r i c a l  
harmonics  c e n t r e d  upon th e  o r i g i n  o f  the  c o o r d in a t e  system a s ^ ^
28.
V i (xyz)
n
£ eZe 
n=0 m=-n
4
5 4tt2n+l n+1 n^ (2-50)
If the potential at the central ion due to neighbouring
1TI*
charges has orthorhombic symmetry, then the Yn . may be chosen to be 
real and
V(xyz) 4 tt2n+l
h Bm yTn 
n n
(2-51)
with
i 4 laiJ
Cp [ 3 cos20 . - l]
2 7- ß ri 4 V 2 ai Cp [ sin20^cos2(jK ]
ai Dq [ 35cos40^ - 3Ocos20^ + 3 (2-52)
B 2 = !  ^4 i 4 ai Dq [ sin20. (7cos20 . - l)cos2(J).]
B 4 = 2 !/-3!4 • 4 V 2
 ^a ^  5
ai Dq [ sin40. cos4cj). ]
where Dq = Ze2 <  r 4 >  /6a 5 > Cp = 2Ze2 <  r 2 >  /7a 3 are left as 
adjustable parameters to be fitted to the experimental data and a is 
taken to be the shortest metal to oxygen distance. The effects of the 
potential V(xyz) on the 3d wavefunctions, listed in (2-23), can be 
evaluated by determining the appropriate matrix elements. These are
readily evaluated by the method of equivalent operators (61) The dy z ’
d ^  and d have only diagonal elements and their energies arc
yz
& K  - b 24) ♦ i(B° -a
xy
- £  (2b " - B 2 ) + i (B°2 B 2 )
+ ^  (B° - /TO B p  - \  B°
(2-53)
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In orthorhombic symmetries d ^2 and d^2 2 may have non-zero off-diagonal
matrix elements in common causing a mixing of their wavefunctions. The 
corresponding energy levels and wavefunctions can be calculated from 
diagonalization of the following matrix:
Iz2 >  Ix2-y2 >
J  (bJ+b") b I -  2/2 &1)
K/t  Bb - |b°2
The effects of spin-orbit coupling, which mixes the orbital wavefunctions
and removes some of the spin degeneracy cannot be neglected, as it may
significantly alter the EFG^ J and the magnetic properties^ J at the
nuclear site. Inclusion of spin-orbit coupling into the crystal field
Hamiltonian results in a 25x25 matrix which is best diagonalized by
computer techniques. Figure 2.2 represents an energy level scheme for
the ferrous ion under the action of the crystalline field, plus spin-orbit
coupling. However, if only the lower levels are considered, the size
of the task is reduced. Usually in octahedral symmetries Fe^+ has the
4 -1upper Eg level about 10 cm above the T^ levels and can be safely ignored 
when calculating the Müssbauer observables at low temperature.
2.6. Refinements to the Quadrupole Splitting Calculations
Ganiel^^ has shown that the quadrupole splitting due to a 
single 3d electron is constant for real wavefunctions with real coefficients 
spanning either the T^ or E subspace. Although the quadrupole splitting 
is temperature dependent, it saturates at low temperatures to a value of
l&Ql = j e2Q(l-R)(y) <  r‘3 >Q (2-54)
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3z2-r2 >  A
x -y
lODq ~ 10 cm
Free ion + cubic field + axial + rhombic + spin-orbit
coupling
Figure 2.2. An energy level diagram for the ferrous ion under the action 
of a crystalline field, plus spin-orbit interaction.
when the ground state is an orbital singlet, or half this value when the 
ground orbital level is a doublet. A similar argument was presented by 
Cosgrove and Collins . They found that although the quadrupole 
splitting remained constant, there were complex changes in and n which
could not be observed in the experimentally measured AQ. Evaluation
31.
of V and q then requires alternative methods of investigation such
as single crystal studies or magnetic perturbation techniques.
The omission of spin-orbit coupling in the Ganie1-Cosgrove -
Collins analysis severely limits the applicability of their results.
Recently, Dale^°^ has shown that in rhombic or higher symmetries the
quadrupole splitting is dependent on the nature of the ground state
wavefunction when spin-orbit coupling is taken into account. This
interaction partially or completely removes the five-fold spin degeneracy
of each orbital state and alters its orbital character by admixtures
of other orbital states. These mixed states yield smaller quadrupole
(32")splittings than their pure counterparts. Ingalls has suggested 
that this interaction is of primary importance in explaining the 
experimentally-observed spread on the low temperature quadrupole splittings.
Since the assumption of perfectly ionic bonding is not 
generally valid for the silicate minerals, allowances must be made for 
the effects of covalency. The predominant effect on the ligand-central 
ion bonding is a radial expansion of the 3d wavefunctions. This results
in changes in terms such as <  r 3 <  r2 >  , A, R and Y^. The spin-
orbit coupling parameter is reduced from its free ion value of A = 103 cm
through radial expansion, by a factor a2 , generally —  ^  a2 ^  1. A
- f 32 'lsimilar decrease is expected in <  r 3 J , but unfortunately little
is known of the effects of covalency on the shielding factors and R 
and thus their free ion value will be used throughout.
A further requirement for any reasonable prediction of the 
quadrupole splitting is an accurate determination of the product term 
(1-R) <  r 3 >n Q. Early estimates of the quadrupole moment Q of 57Fe
-1(66)
varied markedly, but several of these were subsequently revised (33,67,68)
and they seem to have led to a consensus of Q ~0.2b. Chappert et al (69)
32 .
by magnetically inducing a quadrupole interaction for Fe in cubic MgO, 
quote a value of 0.21 ± 0.03b using the generally accepted value of 
(1-R) < r  3 >  = 3.3 a.u. A similar value of 0.213b was determined by 
McNab et_ al for 57Fe in solid argon and krypton.
The values adopted in this thesis are
Q = +0.2lb and (1-R) <  r'3 >  = 3.3 a.u. (2-55)
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CHAPTER 3.
Experimental Apparatus and Procedures
3.1. Mössbauer Spectrometer
A Mössbauer spectrometer system based on a PDP 11/10 mini­
computer was designed and constructed to enable the simultaneous 
accumulation of up to eight independent spectra. Selected spectra can 
be displayed on any conventional oscilloscope and punched out on paper 
tape when required for later analysis, without interference to any of 
the other accumulating spectra. One additional feature is that the 
mini-computer also generates the reference signal for the Mössbauer 
transducers which was entered into the memory of the computer, in 
digital form, during programme development.
Apart from a minor mechanical problem with the punch, the 
system has been in operation for approximately two years without the 
loss of a single spectrum. A block diagram of the entire spectrometer 
system is given in Figure 3.1. For a more detailed description of the 
spectrometer, see Appendix B.
3.2. Velocity Control Circuitry and Transducers
The velocity transducers consist of two coils, the 'drive
coil' and the 'pickup coil' and are similar to those described by
C711Kalvius and Kankeleit . The drive coil produces the movement of the 
source via a connecting rod, whilst the pickup coil provides an output 
voltage proportional to the actual velocity of the source.
The velocity control circuitry, indicated schematically in 
Figure 3.2., produced the required driving voltage so that the desired 
motion of the source is achieved. The reference waveform from the
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interface is attenuated in the linear chain of resistors and the 
appropriate reference voltage selected and then compared to the signal 
from the 'pickup coil' to produce an error signal. This error signal 
is small during a velocity scan, but is relatively large during the 
flyback period. It is this signal after appropriate shaping and 
amplification that is used to drive the transducer.
3.3. Counting System
Several proportional counters were constructed and filled 
with a 10% methane in argon gas mixture. These give good resolution in 
the detection of the 14.4 keV gamma rays, for approximately six months 
before flushing and refilling is required. The highly stable voltage 
required for their proper operation is supplied by an Ortex high voltage 
power supply operating at 2500V.
The pre-amplifier, matched amplifier and single channel analyser 
are standard units supplied by Hewlett-Packard and Ortex. Briefly, the 
pre-amplifier integrates the charge pulses produced in the counter to 
give a pulse, whose height is proportional to the energy of the detected 
gamma ray, which has a relatively long decay time (~100 psec). The 
main amplifier both amplifies and shapes these pulses to give a pulse 
shape and size compatible with the analyser. The long decay of the 
pre-amplifier pulses enables the method of pole-zero cancellation to be 
used to give a stable baseline and decrease the occurrence of pulse overlap 
which leads to broadened peaks. At higher count rates the Hewlett-Packard 
linear amplifier operating in the double delay line differentiation 
mode was found to be more efficient than the Ortex double RC differen­
tiation technique.
A RIDL multichannel analyser was available for pulse height 
analysis and found to be a valuable aid in setting the single channel
3 7 .
a n a l y s e r  windows f o r  optimum e f f i c i e n c y ,  checking  f o r  d r i f t s  in  the 
p r o p o r t i o n a l  c o u n te r s  and e s t i m a t i n g  sample t h i c k n e s s .
3 .4 .  S pec t rom e te r  Performance and C a l i b r a t i o n
The conven t ion  f o r  r e p o r t i n g  Mössbauer d a t a  i s  t o  r e f e r  the
isomer  s h i f t  o f  the  observed  s p e c t r a  to  t h a t  o f  a s t a n d a rd  a b s o rb e r .
For 57Fe two s t a n d a rd s  a re  in common u s e ,  i r o n  metal  and sodium n i t r o -
p r u s s i d e .  I ron  metal  now seems to  be the  p r e f e r r e d  r e f e r e n c e  m a te r i a l
f o r  c a l i b r a t i o n ,  as a measure o f  th e  l i n e a r i t y  o f  the  d r iv e  i s  ob ta ined
a t  the  same t ime .  Regular  c a l i b r a t i o n  runs  were performed to  check on
the  s t a b i l i t y  o f  th e  system. The zero  isomer  s h i f t  c o r re spond ing  to
the  mean o f  the observed  i r o n  peak p o s i t i o n s  was found to  be c o n s ta n t
to  w i t h i n  0.005 mm/sec. f o r  bo th  t r a n s d u c e r s .  The v e l o c i t y  c a l i b r a t i o n
and l i n e a r i t y ,  de te rmined  from f i t t i n g  the  observed i r o n  peaks and
f 721comparing them to  the  known s e p a r a t i o n s  ' ,  i n d i c a t e s  t h a t  they  were
a c c u r a t e  t o  w i th in  1% on a l l  v e l o c i t y  r a n g e s .  Another measure o f  the
pe rformance  o f  the  system as a whole,  i s  the  l i n e w id th s  o f  the  va r ious
peaks  o c c u r r i n g  in  th e  s p e c t r a .  These a re  u s u a l l y  broadened beyond the
(221n a t u r a l  l i n e w id th  o f  ~0.19 mm/sec by a number o f  ex per im en ta l  f a c t o r s .  
Apart  from e l e c t r i c a l  n o i s e  in  the  r e f e r e n c e  and d r iv e  s i g n a l s ,  the 
main cause  o f  b roaden ing  was due to  mechanical  v i b r a t i o n s  from nearby 
equipment,  e s p e c i a l l y  th e  pumping system which i s  in  c o n t in u a l  o p e r a t i o n .  
V i b r a t i o n s  were s u b s t a n t i a l l y  reduced  by f i x i n g  the  ab s o rb e r  s e c u re ly  
t o  th e  t r a n s d u c e r s  whenever p o s s i b l e  and i s o l a t i n g  the  pumping equipment 
by i n c o r p o r a t i n g  a long ,  f l e x i b l e  pumping l i n e .  The minimum l in e w id th s  
o b t a i n a b l e  w i th  a 57Co in  p a l l a d iu m  source  and 12/pm n a t u r a l  i ro n  f o i l  
a re  ~0.24 mm/sec.
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3.5. Low Temperature Control and Measurement
Two cryostats, one for liquid nitrogen work and the other
for liquid helium work, were constructed. These are top-loading for
easy sample removal and apart from the inclusion of several layers of
(73)superinsulation are similar in design to those of Cranshaw 7 . For
temperatures other than the liquid nitrogen or helium temperatures a
(73)variable temperature insert was employed . The circuitry required
to control sample temperatures to within 0.1K for long periods by
heating against a thermal leak to a cryogenic bath has been outlined 
(74)by Window and is indicated in Figure 3.3. The chief advantage of
this system, apart from its simplicity of construction, is that the
heater is used as the sensor, thus eliminating any possibility of
thermal ’hunting' effects. It was found necessary to include an extra
compensating lead from the reference resistance to the heater-sensor
element to prevent thermal drifts occurring with changes in liquid helium
levels. At temperatures below 20K a carbon heater-sensor gave greater
stability than the usual copper element. An additional constantan
heater connected in parallel to the bridge network reduced the load on
the heater-sensor when operating at higher temperatures.
Temperatures as low as 1.3K were obtained by pumping on
liquid helium and were maintained by use of a manostat.
Temperatures above 10K were measured by using a copper-
cons tantan thermocouple in good thermal contact with the sample. Cali-
(75) 'bration was achieved by comparison with a standard curve by measuring 
the small discrepancies at the liquid helium, nitrogen and dry ice in 
acetone fixed points. Temperatures below 10K were determined using 
Allen-Bradley 0.1W 100^ type TR carbon resistors^ . All temperatures 
quoted are accurate to within ±0.5K.
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3.6. MUssbauer Furnace
A 60 watt Mössbauer furnace capable of producing temperatures 
up to 1,000K was constructed and is shown schematically in Figure 3.4.
The cylindrical stainless steel tubing contains an inner 
chamber housing the heater and control thermocouple, above which the 
sample holder is mounted, and surrounded by several cryogenic stainless 
steel heat shields. The inner chamber is filled with an inert gas, such 
as helium, to prevent oxidation at high temperatures whilst the sample 
space is evacuated-to prevent heat losses and oxidation of the sample. 
Construction of the power supply and control unit, using commercially 
available d.c. amplifiers, was carried out by the Electronics Workshop, 
Research School of Physical Sciences. The unit provided both linear 
proportional and integral gain control options and maintained temperature 
stability to better than 0.25K. ,
The furnace was calibrated from the known magnetization curve
f —J 'v
of Fe304 J from room temperature to the Neel point of 859 ± 0.5K' to 
within 2.5K over the entire range.
3.7. Curve Fitting
Three non-linear least squares fitting programmes comparable 
with the University’s Univac 1108 computer were available for the 
analysis of data. Two of the programmes allowed optional constraints 
to be applied, such as fitting with doublets or single lines, fixing 
relative areas or linewidths and the like. All required initial estimates 
of the unconstrained non-linear parameters to be made. These were then 
refined by an iterative procedure. Parameters that appeared linearly
*
* *
Kindly supplied by Dr. B. Window, Dr. B. Dickson and Dr. D.C. Price.
Window and Price: The programme of Price calculates the 8-line
r 781magnetic hyperfine spectrum using the method of Kundig^ J .
To pumping line
Sample holder
Kaplan windows
Thermocouple
Heat shields
Heater 400mm
Inner chamber Fig. 3.4. Sectional 
view of Müssbauer 
furnace.
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in the fitting function, such as background and solid angle, were 
calculated exactly for each set of values of the non-linear parameters 
and thus no initial estimates were needed.
Assuming an ideal lineshape, an appropriate fitting function
n
2
n=l
n
|V
12J
. (W 2+ ( r
2 + B + C (X„-X.)2 (3-1)
where F^ is the calculated function at and A is the peak area, B the
.Cd aiCECTvo**
background, C the solid angle and XQ the parabolic centre. If are
the experimental data counts collected and N the number of channels, then
N 2
the least squares procedure requires that the quantity £ [Y. - F.] be
i 1 1
minimized by varying the unconstrained parameters. As a measure of the 
'goodness of fit' the value of the function yi 2 *6 is calculated, that is
i
where M is the number of independent variables used in fitting the 
data. The danger of using y2 as the only criteria for a measure of
'good fit' is well known. Values of y2 close to unity do not necessarily
imply that the data has been fitted correctly. When lines are broadened 
and no longer of ideal Lorentzian shape fitting with additional peaks 
will in general reduce the value of y2 as will poorer statistics. The
procedure used here was to start with good statistics (generally better
6 2than 10 counts per channel) and then use the y value only as a guide
to fitting. A difference curve between the experimental and theoretical
curve was plotted and proved to be a valuable aid. One other feature
43.
of the programmes is that the precision in the final values of the 
variables is calculated. These are useful in deciding the validity 
of a fit as any parameter which is not fitted well will appear to 
have a larger error. The computed errors are usually an underestimation 
as instrumental affects such as velocity drift or non-linearity are 
not taken into account. Consequently, the final decision on the 'goodness 
of fit' was made visually by comparing the fitted envelope with the 
original data, by inspection of a plot of the difference between the 
two and comparison of the fitted parameters with values from associated 
spectra. For this reason the final fitted parameters are presented in 
tabular form together with a few typical spectra and their fitted 
envelopes.
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CHAPTER 4 .
Almandine Garnet
4.1. Introduction
The analyses of the optical spectra of the ferrous ions in 
the 8-fold coordinate site in garnet has proved to be a particularly 
difficult problem. This is partly a result of the lack of polarised 
optical spectra since garnet is cubic. Two models have been proposed to 
explain the spectra and a recent note has attempted to resolve the 
controversy by the use of Mtfssbauer data. However, as will be shown, 
this analysis was based on erroneous results of one model. The correct 
version of this model is presented.
Several spectra of two naturally occurring almandine garnets 
are presented at temperatures below their Neel points. These spectra 
show evidence of substitutional effects and have been interpreted using 
a simple nearest-neighbour model. A detailed analysis of the ground 
state of the Fe^+ ion by the use of these low temperature magnetic spectra 
suggests a new assignment of the Fe^+ 3d energy levels. This is supported 
by a crystal field analysis based on the first coordination sphere.
4.2. Crystal Structure
The silicate garnets -are cubic and have the composition 
X^+ Y^+ (SiOt+)3. The more commonly occurring divalent metal ions are Fe, 
Mg, Ca and Mn, while the trivalent ions are A1, Fe, Cr and Ti. However, 
natural garnets having the composition of a pure end member are rare in 
nature and usually conform to one of two series, either ugrandite 
Ca3(Fe^+ Ti^+AlCr)2Si30 12 or pyralspite (Mg Fe^+Mn^+)3A12SigOj2, though 
a slight mixing between both series is possible.
The atomic positions and unit cell length have been determined 
for a natural specimen close to the almandine end member, Fe3Al2Si30 i2 by
45.
Prandl*'79  ^. His analysis is, in wt%,
Si02 Ti02 A120 3 Fe 20 3 FeO MnO CaO MgO Na20 K20 P2O 5 FÖTAL
34.12 0.25 20.35 3.09 34.50 0.77 0.56 4.44 2.17 trace 0.20 100.42
The■ unit cell length was found to be 1 1 ,.507(2) ft and the oxygen
parameters were similar to those derived for pyrope, Mg 3AI2Si 30 12, by 
Gibbs and S m i t h .
Garnet has the space group Ia3d and contains eight formula 
units per unit cell. A network of silicon-oxygen tetrahedra exist as 
independent groups, sharing corners with octahedra of trivalent metal 
ions. Divalent metal ions are situated in the interstices within the 
polyhedra network and have eightfold coordination. It is the ferrous 
ion which occurs within this site which is of principal interest to the 
Mdssbauer study of these minerals.
Each ferrous ion is surrounded by the eight oxygen ions in 
the form of a distorted cube which shares edges with two silicon 
tetrahedra, four aluminium octahedra and four other identically distorted 
cubic sites, leaving two unshared edges. The shortest edges are those 
shared with the silicon (-2.51 X) followed by the aluminium (-2.64 ft) 
and iron (-2.75 ft). The two unshared edges are the longest being 
approximately 2.79 ft in length. As a result of these distortions the 
site symmetry surrounding the ferrous ion is reduced to resulting in 
only two different iron-oxygen distances of 2.218(2) ft and 2.364(2) ft.
The 2-fold axes are proper elements of the full space group and not 
merely pseudo-symmetries of the site in question. Conventions for 
correctly labelling the coordinate system can be determined from descent - 
of-symmetry arguments.
46.
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Following White and Moore^ J the Cz) axis is chosen to 
lie through the centre of a face of the distorted cube, while the other 
two axes bisect the cube edges and lie in a plane perpendicular to 
the C2 (z) axis. The relationship between the site and crystallographic 
axes is indicated in Figure 4.1.
4.3. Sample Analysis
The composition of the two natural samples is close to that
of the almandine end member and similar in composition to the almandine
r 19 79ipreviously studied by Prandl * . Sample G, is from the Broken Hill
district of N.S.W. and was supplied by the Bureau of Mineral Resources, 
Canberra. Sample G2 is of unknown origin. Table 4.1. indicates the 
results of an electron microprobe analysis. The analysis was carried 
out by the Research School of Earth Sciences, A.N.U.
Table 4.1.
SAMPLE NUMBER OF IONS ON BASIS OF 12 OXYGEN
G1 G2 G1 G2 Fe 3A12 (SiOit) 3
Si02 36.59 36.56 Si 2.96 2.95 3
A120 3 20.69 21.49 A1 1.97 2.04 2
Cr20 3 - 0.12 Cr - 0.01
FeO* 34.36 36.89 Fe 2.32 2.49 3
MnO 1.09 1.18 Mn 0.07 0.08
MgO 4.11 3.34 Mg 0.49 0.40
CaO 2.87 0.72 Ca 0.25 0.06
Ti02 - -
Na20 - -
K20 - -
Total: 99.71 100.30
* All iron present is shown as FeO.
4 7 .
[001]
Fig. 4.1. The cubal site in garnet showing the relationship between
the site symmetry axes and the crystallographic axes. Oxygens are
r 79)numbered according to the convention of Prandl
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4.4. Experimental
4.4.1. Paramagnetic Spectra
The Müssbauer spectra of the natural samples G1 and G2 were 
recorded at room temperature (295K) as a check on secondary phases, or 
any ferric ion, which may be present. Parameters resulting from an 
unrestrained two line fit to the spectra are given in Table 4.2. The 
two spectra are presented with their fitted envelopes in Figure 4.2. The 
data was collected over 512 channels for greater resolution.
Table 4.2.
SAMPLE COUNTS IN MILLIONS x 2 AQ(mm/sec) 6(mm/sec) h(mm/sec) rH(mm/sec) a L/a h
G1 .95 .95 3.518(2) 1.291(2) 0.276(4) 0.268(4) 1.00(2)
G2 .70 .93 3.521(2) 1.289(2) 0.286(4) 0.266(4) 1.03(2)
The quadrupole splitting and isomer shift values for both
samples were the same, to within the experimental error, and agree
reasonably well with previously reported values at room temperature,
(11 19) ralthough the linewidths are considerably narrower ’ .1 The area ratio
of. the highe-r -energy peak to loweg energy peak for sample G2 (Table 4-.-2) 
was slightly highor than uni-ty-probably due to the presence -of a smaf-1
amount of the-f er pie- Ton-;— T-his small amount is not expected to be 
detee-table in the-magnetically ordered spectra.
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Fig .  4 . 2 .  Mtfssbauer s p e c t r a  o f  sample and r e c o rd e d  a t  295K.
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4 . 4 . 2 .  M agn e t i c a l ly  Ordered S p e c t ra
The almandine g a rn e t  G1 a l i g n s  m a g n e t i c a l l y  a t  low te m pera tu re s  
(T^ = 7±0.5K).  A s e r i e s  o f  s p e c t r a ,  on sample Gl, was c o l l e c t e d  over 25o 
ch an n e ls  between 2K and 7K and i s  p r e s e n t e d  in  F igure  4 .3 .  A f i t  t o  the 
spec trum c o l l e c t e d  a t  2K r e s u l t e d  in  the  fo l low ing  pa ra m e te r s :
H = ±240+8 kOe, AQ = -3 .66±0.04  mm/sec, 6 = 1.38±0.03 mm/sec 
p = 0.02 + 0 . 4 ,  0 = 82° -*■ 90° , and <J> = 0° -+ 42° .
The wid ths  o f  the  o u t e r  l i n e s  were app rox im ate ly  0.5 mm/sec, c o n s id e r a b ly  
g r e a t e r  than  those  r eco rded  in  the  param agne t ic  r e g io n .  This  r e s u l t  
i n d i c a t e s  t h a t  t h e r e  i s  a range o f  h y p e r f in e  pa ram ete rs  due to  n e a r e s t  
ne ighbour  (nn) e f f e c t s .
B e t t e r  r e s o l u t i o n  was ach ieved  by doub l ing  both the  number 
o f  channe ls  and the  counts  p e r  channe l .  S p e c t r a  a t  4.2K f o r  samples Gl 
and G2 a re  shown in  F igu res  4 .4a  and 4 .4b r e s p e c t i v e l y .  Each spectrum 
i s  comprised o f  s e v e r a l  o v e r l a p p in g  s u b s p e c t r a ,  o f  which two a re  r e a d i l y  
d i s c e r n i b l e .  These w i l l  be r e f e r r e d  to  as A and B and t h e i r  co r respond ing  
l i n e  p o s i t i o n s  are  i n d i c a t e d  i n  F igure  4 .4b .  To f i t  the  exper im en ta l  
d a t a  f o r  Gl,  i t  was found n e c e s s a r y  t o  p l a c e  c e r t a i n  c o n s t r a i n t s  on the  
l i n e w id th s  as most o f  the  peaks  over lapped  and were not  f u l l y  r e s o lv e d .
The w id ths  o f  the  e q u i v a l e n t  peaks in  A and B a re  assumed equal  and only  
t h r e e  width p a ram ete rs  were employed.  For th e  b e s t  f i t ,  X2 = 6 . 5 ,  the  
wid th  v a r i e d  from 0 .4±0 .04  mm/sec f o r  th e  o u t e r  peaks to  0 .3±0.03  mm/sec 
f o r  the  l e s s  i n t e n s e  i n n e r  peaks .  The enve lope  f o r  t h i s  f i t  i s  shown 
superimposed on the  d a t a  f o r  Gl in  F igure  4 .4 a  and th e  co r respond ing  
h y p e r f in e  p a ram ete rs  a re  l i s t e d  in  Table 4 . 3 .  The r e l a t i v e  a rea  r a t i o  
o f  A/B was found to  be 1 .0±0.1  f o r  sample Gl.
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Fig .  4 . 3 .  Mössbauer s p e c t r a  o f  sample G^  c o l l e c t e d  over  t h e  t em pera tu re  
range 2 to  7K.
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Table 4.3.
Sample G1 |Hhf|kOe AQ mm/sec 6 mm/sec n
—
e
A 248 + 3 -3.64±0.03 1.3810.02 0.01+0.2 85-90 0-44
B 240±3 -3.67±0.03 1.3810.02 0.06+0.73 75-90 o <T,
The peaks are obviously broad and asymmetric and their line- 
shapes do not conform to the ideal Lorentzian lineshapes used in fitting. 
This, coupled with the fact that about 2 million counts per channel were 
accumulated, accounts for the relatively high value of y2 •
It was not possible to obtain a meaningful fit for sample G2 
as the programme failed to converge due to the lack of sufficient 
resolution between spectra A and B. This lack of resolution is caused 
primarily by a significant reduction in the area under the B spectrum.
A comparison of the spectra of the two samples indicates that both have 
very similar peak positions. The peak positions found from the spectrum 
of G1 are shown superimposed on the spectrum of G2 in Figure 4.4b.
4.5. Discussion
1821Apart from an earlier assignment^ J based on the incorrect 
1831experimental data of Clark^ , there are currently two models which
have been proposed to explain the optical spectra arising from the 
transitions between the 3d levels of the ferrous ion in silicate garnets.
54.
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The assignment of White and Moore^ J is based on the geometry of the
ferrous site together with detailed spectral absorption measurements
on a number of silicate garnets. A typical spectrum showing the three
strong bands in the near infrared, taken directly from White and Moore
is presented in Figure 4.5. They found it necessary to invoke vibronic
coupling to explain all three observed bands. Though they could not
locate the d level, as it was thought to be obscured by the strong xy
silicon-oxygen vibrational band which occurs at about 1,000 cm 1 ,
r 831they were able to show that the data of Clark^ ; was in error. Their
suggested assignment is,
(81)
yz
x -y
(B2) ~ 7,700 -1cm
(b3) ~ 5,900
-1cm
2 (A) ~ 4,300 -1cm
(Bx) < 2,000
-1cm
(A) 0 -1cm
(851Runciman and Sengupta^ J , in order to interpret the intensity
data without recourse to vibronic coupling, but still retaining the
selection rule requirement that the dz2 (A) + d^ 2 y,2 (A) transition be
forbidden, required that one of the three observed bands be d . Their
assignment was based on a point charge calculation which included the
f 81 851two nearest neighbour silicon atoms. These two assignments^ ’ } have
(86)been examined recently by Huggins 
Mössbauer data presented by Lyubutin and Dodokin
who compared them on the basis of 
(87) The data implied,
from the temperature dependence of the quadrupole splitting, that the
-1two lowest levels were separated by approximately 1,100 cm This
additional information was plainly at variance with the model proposed
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Fig. 4.5. Near infrared spectra of an almandine garnet at various
/ ' ö l ' )temperatures (taken directly from White and Moore^ ;).
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by Runciman and Sengupta^ , but in good agreement with the model of 
White and Moore .
4.5.1. Crystal Field Analysis of the Optical Spectra
Two mechanisms most commonly involved in relaxing the Laporte 
selection rule that there must be a change in parity for electric dipole 
transitions are p-d orbital mixing, due to odd-parity crystal field and 
vibrational coupling of the odd-parity dynamic crystal field. Pure 
electronic transitions are then allowed provided the ion is not in a 
centro-symmetric site. The transition probability for the p-d mixing 
transitions is given by
mn ij u \p dl m Tn
where y is the electric dipole operator. P ^  can have a finite value
only if the integral contains the totally symmetric representation.
This may be determined by decomposition of the direct product ^  x x ^
where the irreducible representation of the ground state wavefunction
ip transforms as Y , the dipole operator as Y and the excited state vb m m r r p n
as r . The transformation properties of the 3d orbitals in symmetry
(81)are d 2 2x -y
“ B l 
► B2
d -*■ B3 yz
The large negative quadrupole splitting obtained from the Mössbauer data 
of almandine garnet indicates that the ground state is in fact d^2 and 
hence transforms as the totally symmetric representation A. The direct 
products are
5 7 .
A X B.
l
X A = B
A X Bi X B
it >
A X B X B. CQII
J
(4-la)
(4-lb)
(4-lc)
Thus all A -+ B transitions are allowed, while A -+ A is forbidden in D2
symmetry.
(85)The point charge model of Runciman and Sengupta1 ; attempted
to explain the optical data by conforming to this selection requirement
that the d^(A) -► d^2 ^ 2 (A) be forbidden. To do this, they included the
two nearest silicon atoms which they claimed forced the d level up to
fit the lowest observed energy band at ~4,300 cm *.
In the present work, it was found that their calculation
included errors in several of the crystal field parameters, which
drastically changed the positioning of the d level. A recalculationxy
of the energy levels was made based on equations (2-51) and (2-52), and 
using the same crystallographic data as Runciman and Sengupta^ J . The 
corrected values for the angular parts of the crystal field potential,
C85 'j
as defined by Runciman and Sengupta^ , corresponding to a relative 
charge on the silicon atoms of 2Ze (where ZQ is the charge on the oxygen 
atom) are,
a = -5.82, 3 = 0.333, y = 0.32, 0.36 and e = -0.332 .
It was found that the d level remains somewhat less thanxy
3,000 cm above the d ^2 ground state for Dq values ranging from 750 cm ^
to 950 cm  ^ and Cp values from 0 to 3,000 cm * . No reasonable fits to
the experimentally observed bands could be found outside these ranges.
Furthermore, the position of the d level does not alter significantlyxy
5 8 .
when th e  e f f e c t  o f  th e  covalency  o f  the  s i l i c o n  atom i s  accounted  f o r
by v a r y in g  i t s  charge from 0 to  -2Z . F igure  4 .6  shows a p l o t  o f  the
energy  l e v e l s ,  r e l a t i v e  to  th e  d ^ 2  ground s t a t e ,  a g a i n s t  the  r e l a t i v e
charge  on the  s i l i c o n  atom. The Dq and Cp pa ram e te rs  a re  800 cm  ^ and
2,000 cm  ^ r e s p e c t i v e l y .  These pa ram e te rs  co r respond  to  the  b e s t  f i t
when c o n s i d e r i n g  on ly  the  n e a r e s t - n e i g h b o u r  oxygen atoms.  The upper
t h r e e  l e v e l s  can be seen to  be ex t rem ely  s e n s i t i v e  t o  the  r e l a t i v e  charge
on t h e  s i l i c o n  atom, b u t  the  d l e v e l  remains w i th in  1,500 cm o f  thexy
d ^ 2  ground s t a t e .  „Thus ,  th e  c r i t i c i s m  by H u g g i n s o f  th e  model
f 851proposed  by Runciman and Sengupta^ J , based  on th e  d i f f e r e n c e s  in  energy
s e p a r a t i o n  o f  th e  two lowest  bands ,  i s  no longe r  v a l i d .
f 851The model o f  Runciman and Sengupta^ J which in c o r p o r a t e s
th e  e f f e c t  o f  the  s i l i c o n  atoms s t i l l  r e q u i r e s  a mechanism, such as
v i b r o n i c  co u p l in g ,  to  e x p l a i n  th e  observed  i n t e n s i t y  o f  the  d^CA) -*
1811^ x 2 y 2(A ) . On the  o t h e r  hand,  White and Moore^ J have argued  t h a t  
t h e i r  measured o s c i l l a t o r  s t r e n g t h s  and te m p era tu re  dependence r e s u l t s  
i n d i c a t e  t h a t  the  p -d  mixing ,  a r i s i n g  from the  non-centrosymmetry  o f  the  
Fe^+ env i ronm ent,  i s  i n e f f e c t i v e  and t h a t  v i b r a t i o n a l  co u p l in g  must 
be invoked t o  e x p l a i n  a l l  t h r e e  observed  bands .  Also ,  they  assumed t h a t  
phonons o f  b o th  A and B symmetry ty pe  were r e q u i r e d .  T h e i r  work i s  
i n c o n s i s t e n t  on s e v e r a l  grounds .  F igure  4 .8  i s  a p l o t  o f  the  te m pera tu re  
dependence o f  the  o s c i l l a t o r  s t r e n g t h  f o r  th e  t h r e e  observed  bands taken  
d i r e c t l y  from t h e i r  p u b l i c a t i o n .  The o s c i l l a t o r  s t r e n g t h  f  f o r  each 
band i s  f i t t e d  wi th  an e x p r e s s i o n  o f  th e  form,
- 0 / t
f 0( l  + ae ) (4-2)
where f 0 i s  th e  o s c i l l a t o r  s t r e n g t h  a t  OK, 0 i s  t h e  v i b r a t i o n a l  
f requency  o f  th e  c oup l ing  phonon in  te m p era tu re  u n i t s  and a i s  an
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Fig .  4 . 6 .  A p l o t  o f  energy  l e v e l s  r e l a t i v e  to  the  ground s t a t e  
a g a i n s t  the  r e l a t i v e  charge on the  s i l i c o n  atom (Dq=800 cm \  
Cp=2,000 cm .
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Fig .  4 . 7 .  A p l o t  o f  energy  l e v e l s  r e l a t i v e  to  the  ground s t a t e  
with  v a r i a t i o n s  in  Cp. C a l c u l a t i o n  based  on n e a r e s t  ne ighbour  
oxygen atoms,  w i th  Dq=800 cm ^ .
60.
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Fig. 4.8. Dependence of oscillator strength of spin-allowed bands
1811on temperature. (Taken directly from White and Moore^ J ) .
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adjustable parameter. Their best fit parameters are,
a b c
f0 0.1 x 10"5 0.1 x 10'5 0.5 x 10‘5
a 68 146 14
9 1200K 1200K 800K
The solid lines shown in Figure 4.8 appear to be merely an 
interpretation of the experimental data as they do not correspond to 
their best fit parameters. This is immediately apparent when comparing 
f 0 for band C (0.5 x 10 5) with the experimental value of f at 78K 
(~0.25 x 10 5) which differ by a factor of two. Furthermore, bands a 
and b have been fitted to the same vibrational frequency implying that 
it is the same vibrational mode involved with presumably the same 
symmetry label. If two phonon modes of both A-and B-type symmetry are 
required, as suggested by White and Moore'' } , then bands a and b should 
have the same symmetry label, in this case B. The remaining band c 
should then have been assigned the A symmetry label. The above is not 
consistent with their proposed assignment of crystal field levels. A 
more significant objection to their analysis of the temperature dependence 
is the use of equation (4-2) . This expression could be applicable in the 
case of a second electronic state above the ground state, but it is 
not appropriate for vibrationally induced intensity. A more appropriate 
formula for the temperature dependence is given b y ^ ^
(T) I (0) coth
|W| (4-3)
A comparison of the temperature dependence of the bands over 
the five measured temperatures ranging from 78K to 489K was made by
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£ f fc c cforming the ratios and . These ratios are ~ 2.6, 3.4, 3.3,
f a b  a
3.3, 3.4 and ~ 2.5, 2.7, 2.1, 1.8, 1.6 respectively. Apart from
b
the low value of f /f recorded at 78K, the ratio for bands a and c is 
remarkably constant over the temperature range studied and equation (4-3) 
shows they are associated with modes of the same frequency, presumably 
the same mode. The smaller ratios observed at 78K indicate that there 
may be a proportion of the observed intensity arising from the p-d mixing 
from the non-centrosymmetric environment, which becomes increasingly 
obvious at lower temperatures. The ratios f^f^ vary considerably over 
the temperature range studied and indicate bands b and c are associated 
with modes of different frequency.
The selection rules for vibronic coupling are derived from
Pvmn 4> ib u vb d) dx m rm n n (4-4)
where is the totally symmetric vibrational ground state and <j>m the
vibrational excited state. It follows that for an allowed vibronic
transition, there must exist a phonon mode whose symmetry is contained
in the direct product x x (equation 4-1). Since all transitions
involve direct products containing a B antisymmetric representation,
vibrations of B type can in principle induce all the vibronic transitions.
If the requirement for two distinct phonon modes of type A and B, as
181)assumed by White and Moore^ J , was correct, then it would simply that 
bands a and c are of B-type while b is of A-type symmetry. Unfortunately, 
this assumption is not valid. Consequently, no conclusive assignments 
can be made on group theoretical grounds.
Generally, the first coordination sphere is adequate to 
determine the crystal field levels as has been discussed previously in
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section 2.5. The assignment of the levels may be obtained from Figure 4.6, 
corresponding to the limiting case where the effective charge on the 
silicon atoms is zero. The values of the angular parts of the crystal 
field potential correspond to those calculated by Runciman and Sengupta^ J 
and are as follows: a = -5.02, 3 = -0.125, y = 0.59, 6 = 0.09 and
e = 0.13.
Figure 4.7 is a plot of the energy levels resulting from a 
Dq value of 800 cm * and a range of Cp values to 4,000 cm * from the 
point charge calculation, including only the eight nearest neighbour 
oxygen atoms. The best fit corresponds to a Cp value around 2,000 cm ^ . 
There is considerable difference between the experimentally observed and 
calculated levels. This difference is not entirely unexpected considering 
the approximations involved. Inaccuracies in the determination of atomic 
positions and slight differences in radial expansion between bonding 
and non-bonding orbitals all introduce additional uncertainty in the 
crystal field parameters used in calculating the energy levels. Further­
more, the observed bands are not purely electronic in nature, but are 
vibrationally coupled. The electronic levels lie at the low energy 
wings of the bands and consequently could be several hundred wavenumbers 
lower in energy than the energies of the bands.
This latest assignment,
T2
e
dx z ^ ~ 7,700
-1cm
x 2-y2(A) ~ 5,900
-1cm
~ 4,300 -1cm
d (B ) xy 1 ~ 1,200
-1cm
dz2(A) 0 -1cm
differs from that of White and Moore (81)
and d levels, yz
only in the order of the d 2 27 x -y
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4.5.2. Interpretation of Mössbauer Spectra
Several Müssbauer spectra of the ferrous ion in garnet have
been reported in the paramagnetic r e g i o n ^ ^ ^ , but only two spectra
of the iron rich almandine garnets have been published in the magnetically
f 19)ordered region. The spectra presented by Prandl and Wagner are
poorly resolved at 4K and show only four very broad lines with widths
nearing 0.9 mm/sec. Their values for the quadrupole splitting of
-3.46±0.09 mm/sec and hyperfine field of 228±4 kOe are considerably less
fll 20 87)than those observed here and elsewhere^ * * . On the other hand,
the spectra from Dodokin et a l ^ ^ ,  though still fairly broad, show
extra lines which because of their positions may be derived from a ferric
ion impurity. These extra lines, amounting to approximately a third of
the total area of the peaks due to Fe^+, have been assigned by them to
ferrous ion in a site in which the principal direction of the EFG coincides
with the hyperfine field direction. Their assignment of the remaining
r i9)lines agreed with that of Prandl and Wagner , that is, with the hyper­
fine field perpendicular to the principal axis. The additional lines 
reported by Dodokin et al , particularly evident in their 1.2K spectra 
at -4.5 mm/sec, are not present in any spectra of sample G1 or G2 present 
in this work. However, additional lines are observed in the present 
work because of better resolution.
It is expected that in the pure end member almandine, in which 
there is no chemical disorder, that there are only as many distinguishable 
environments as there are inequivalent lattice sites. Since the ferrous 
ion occupies the 24 crystallographically equivalent 8-fold coordinated 
sites only one such spectrum should be observed. The magnetic interactions 
in ionic compounds are predominantly short range and the additional spectra 
observed in the substituted garnets G1 and G2 are explained by the
differences in the nearest neighbour (nn) cation environment of the 
ferrous ion. Over recent years, several workers have investigated the 
Mössbauer spectra of mixed crystal systems in which some of the iron 
has been substituted by various non-magnetic ions. In systems that 
order magnetically the main emphasis has been on the replacement of the 
ferric ion. In favourable instances, the spectra have been shown to 
exhibit a well defined structure. In particular, spectra which are 
observed at temperatures well below their N&el or Curie points can 
often be resolved into individual subspectra resulting from a range in 
hyperfine fields associated with differing cation e n v i r o n m e n t s ^ 1. 
The relatively small quadrupole splitting associated with the ferric 
systems considerably simplifies the analysis of the magnetic spectra, as 
it may be considered to be a fixed parameter or ignored entirely in the 
fitting procedure. Unfortunately, the same is not true for the ferrous 
systems as the usually large quadrupole interaction considerably 
influences the resultant line positions and must be included in the 
fitting procedure. The large number of parameters involved and the 
excessive computer time required precluded fitting the magnetic spectra 
of the two samples with more than two subspectra.
In almandine garnet, each Fe^+ ion has four nearest neighbour 
(nn) Fe^+ ions which may be replaced by non-magnetic ions such as Mg^+ 
or Ca^+ . Assuming a random distribution, the probability of finding an 
iron with Z magnetic and (N-Z) non-magnetic neighbours is
V z) N!Z!(N-Z) n  N " z(1-x) x (4-5)
where x is the concentration of non-magnetic ions. Listed in Table 4.4 
are the probabilities for the number of non-magnetic nn ions in samples 
G1 and G2. These are calculated from equation (4-5) using the concentration 
derived from the analysis presented in Table 4.1 (page 46).
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Table 4.4.
SAMPLE
N-Z
0 1 2 3 4
G1 0.24 0.334 0.421 0.200 0.042 0.003
G2 0.15 0.522 0.368 0.098 0.011 0.001
These figures indicate that the contribution to the spectral area from 
sites which have two or more non-magnetic nn cannot be entirely neglected, 
as they amount to a significant proportion of the total area. The major 
features of the spectra are determined by the Fe^+ ion which have zero 
and one non-magnetic nn, while the remaining sites with 2, 3 and 4 nn 
contribute to a smaller extent and are not as obviously resolved.
Sites which have zero nn substitution give line positions corresponding 
to those of spectrum A which has the larger hyperfine field and lower 
range of p values. Ignoring next nearest neighbour effects, then the 
parameters derived from the line positions of spectrum A correspond to 
those which would be derived from the pure end member, Fe 3A1 2 (Si04) 3.
The effect of next nearest neighbour non-magnetic ions on the corresponding 
peak positions is small. This is apparent by comparison of the peak 
positions of samples G1 and G2 in Figure 4.4. These two samples have 
similar peak positions, although sample G1 contains 60% more non-magnetic 
ion, substituted for the ferrous ion, than sample G2. The sites with 
only one nn non-magnetic ion give rise to spectrum B which has a slightly 
smaller hyperfine field and higher p values.
67.
The hyperfine field is near saturation at 4.2K as can be
seen by comparison with the spectra recorded at 2K in Figure 4.3. Fitting
the spectrum at 2K as if it was one single eight line spectrum, gives a
magnetic field of magnitude 240±8 kOe. Assuming that the average field
is the mean of the two fields corresponding to the A and B spectra which
differ by approximately 8k0e (Table 4.3), then the upper limit to the
magnitude of the saturated field is 252 kOe. The sign of the field is
expected to be negative as the ground state is d^2 and the orbital and
dipolar field contributions are generally smaller than the contact field.
(79)The neutron diffraction studies by Prandl on an almandine 
garnet suggest that the spins are aligned antiferromagnetically and lie 
close to the three crystallographic axes. This interpretation is 
consistent with the Müssbauer data if the principal directions of the 
EFG, Vzz, V V  , are chosen to lie along the Z,X,Y site axes respectively. 
With this choice of EFG principal axis system, the hyperfine field lies 
close to the XY plane and is most probably near to the X axis, though its 
exact position is difficult to determine because of the large range in 
(J) values. An estimate for (p can be made by a comparison with the parameters 
corresponding to B of Table 4.3. These indicate that on substitution of 
one nn non-magnetic ion there is a slight reduction in the hyperfine 
field of about 8 kOe, but little variation in the quadrupole splitting 
or isomer shift values. The major difference appears to be in the n, 6, 
and (j) parameters. Since such a relatively large change in n is unlikely 
the main differences are attributed to variations in 0 and (j). Thus, the 
substitution of a non-magnetic nn ion results in the hyperfine field 
dropping away from the X axis with a resultant change in both 0 and (j).
The nn Fe^+ sites are related by symmetry to the central ion site through 
the threefold rotation axes of the cubic unit cell. It follows that the 
hyperfine fields of the four nn Fe^+ ions very nearly point along two
68.
crystallographic axes which are perpendicular to the field of the central 
ion. The ultimate direction of the central Fe^+ ion 'spin' must be 
determined by exchange with more distant neighbours, as its direction along 
the x axis is not specified by nn interactions alone. Figure 4.9 indicates 
diagramatically the direction of hyperfine field for the central Fe“  ^ ion 
and its nearest neighbours in the almandine structure.
When a non-magnetic ion such as Mg^+ or Ca4_+ is substituted for 
the Fe“*, the field moves from the x axis through an angle, say a, towards 
one of the remaining two crystallographic axes. Because of the simple 
relationship between the site axes and the crystallographic axes, it is 
possible to relate a to 0 and 0, with
cos cl = sin 0 cos cj> (4-6)
sin a cos 45° = sin 0 sin <j> (4-7)
where 0 and $ are the usual angles relating the hyperfine field to the 
EFG principal directions. This relationship is only valid provided that 
any small angular differences introduced by the dipolar field can be ignored. 
It will be shown in the following section that to a very good approximation 
the spin and hyperfine field directions are the same. Eliminating a between 
equations (4-6) and (4-7) leads to
cot 0 = ± sin 0 . (4-8)
Values for the parameters p, 0 and 4> can be selected from the range 
given for spectra B (Table 4.3) to be consistent with the above equation. 
These are
qD = 0.2±0.03, 0D = 76,5±2° , and <J>D = 15±5° .
D D D
This value of (f) also represents the upper limit for the case of no 
non-magnetic substitution and the corresponding ranges for spectrum A 
(Table 4.3) can be somewhat reduced leading to
nA = 0.03+0.03, 0A = 87±2° and $ = 7.5±7.5° .
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F ig .  4 .9 .  The d i r e c t i o n  o f  th e  h y p e r f in e  f i e l d  w ith  r e s p e c t  to
th e  c r y s t a l l o g r a p h i c  a x e s ,  a t  th e  c e n t r a l  Fe^+ ion  and th e
2 +fo u r  n e a r e s t  n e ig h b o u r  Fe ions  in  the  almandine g a r n e t s .
7 0 .
Changes in peak p o s i t i o n  which occur  on v a r i a t i o n  o f  one o f
the  h y p e r f in e  p a r a m e te r s ,  H, AQ, q,  0 or  4> a re  i l l u s t r a t e d  in  F igure  4 .10 .
The i n i t i a l  peak p o s i t i o n s  co r respond  to  H = 250 kOe, AQ = -3 .65 mm/sec,
q = 0, 0 = 90° and cf) = 0°.  The range  chosen f o r  each pa ram ete r  i s
c o n s id e re d  l a rg e  enough to  cover  th e  expec ted  change in  t h a t  param ete r
on s u c c e s s iv e  s u b s t i t u t i o n  o f  t h e  d iam agne t ic  ion .  The l a r g e s t  change
i n  peak p o s i t i o n  i s  a s s o c i a t e d  with  a change in  the  angle  0. V a r i a t i o n s
in  peak p o s i t i o n s  r e s u l t i n g  from changes in  the  o t h e r  pa ram ete rs  a re
r e l a t i v e l y  s m a l l .  Thus,  th e  peak p o s i t i o n s  c o r re spond ing  to  s i t e s  with
2 o r  more nn non-magnetic ions  may be e s t i m a t e d  by c o n s id e r i n g  the
p o s s i b l e  combinations o f  nn and t h e i r  e f f e c t  on the  o r i e n t a t i o n  o f  the
h y p e r f i n e  f i e l d .  There a re  s i x  p o s s i b l e  combinations  in v o lv in g  2 nn
s u b s t i t u t i o n s  o f  which y  r e s u l t  i n  no a n g u la r  change,  ^  in  a s i g n i f i c a n t
change in  0 and the  remain ing  ^  i n  a s i m i l a r  change in  (J). The change
in  4> r e s u l t s  in  r e l a t i v e l y  smal l  changes in  l i n e  p o s i t i o n  compared with
2t h o s e  a s s o c i a t e d  with  an e q u i v a l e n t  v a r i a t i o n  in  0. Thus,  — of  the  
t o t a l  c o n t r i b u t i o n  f o r  the  case  o f  2 nn a re  in c lu d ed  with  A and with 
B. The case  o f  3 nn non-magne tic  io ns  i s  e q u i v a l e n t  in  terms o f  
a n g u l a r  c o n s i d e r a t i o n  to  one nn and i s  a c c o rd in g ly  a s s ig n e d  to  B, w h i l s t  
th e  remain ing  case o f  4 nn i s  a s s ig n e d  to  A.  However, the  c o n t r i b u t i o n s  
from th e se  two l a s t  c ases  can c e r t a i n l y  b£  n e g l e c t e d  f o r  the  range o f  
c o n c e n t r a t i o n s  o f  non-magne tic  ions  found in  the  two samples s t u d i e d .  
Changes in the  o t h e r  p a r a m e te r s ,  such as h y p e r f in e  f i e l d  and quadrupole  
s p l i t t i n g ,  which occur  on s u c c e s s i v e  s u b s t i t u t i o n ,  have been ignored  
when a l l o c a t i n g  peak p o s i t i o n s  f o r  t h e  s i t e s  with  two o r  more nn non­
magnetic  i o n s .  V a r i a t i o n s  in  peak p o s i t i o n s  r e s u l t i n g  from l i k e l y  changes 
in  th e s e  p a ram ete rs  a r e  smal l  compared wi th  those  a s s o c i a t e d  with changes 
in  th e  angle 0. These s l i g h t  v a r i a t i o n s  in  peak p o s i t i o n  lead  to  a
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general broadening which is observed in the experimental spectra, but 
the major features are determined by the sites which have zero nn and 
one nn non-magnetic ion.
The predicted area ratio of sub-spectra A to sub-spectra B, 
calculated from Table 3.4, is 0.96 and 1.43 for samples G1 and G2 respec­
tively. Comparison of the theoretical ratio for G2 with experiment is 
not possible due to the inability to fit the spectrum successfully, but 
the experimental value of G1 of l.OiO.l is in good agreement.
4.5.3. The Ground State Wavefunction
Dodokin et al have suggested that the fact that the 
observed hyperfine field in the almandine garnets is smaller than expected 
from a pure d ^2 ground state, might be due to a mixing of orbital momentum 
into the ground state by the crystal field. Such a reduction in field 
would imply substantial mixing of the ground state wavefunction. The 
mixing should be accompanied by a reduction in the quadrupole splitting.
This is not observed experimentally as the value at 4.2K of -3.64+0.03 mm/sec 
is relatively large.
A simple perturbation technique was employed to determine the 
ground state wavefunction and enabled a comparison to be made between 
the theoretically calculated hyperfine parameters and those observed 
experimentally. The simple crystal field model outlined in Section 4.4.1 
predicts a d ^2 ground state which is supported by the large negative 
value of AQ. Since a degree of mixing, by the crystal field, of the d ^2 
state with the d^2 ^2 state is possible in symmetry, the orbital 
ground state wavefunction ip is
ip = ad 2 + 3d 2 2z x -y (4-9)
where a2 + ß2 1. A calculation using the crystal field parameters
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c o r re s p o n d in g  to  the  f i r s t  c o o r d i n a t i o n  sphere  (page 63) g ives  3 = 0 .1 .
The observed  small  va lue  o f  th e  asymmetry pa ra m e te r ,  n < 0 .0 6 ,  i n d i c a t e s  
t h a t  3 i s  c o n s id e r a b ly  l e s s  than the  c a l c u l a t e d  va lue  (see b e l o w ) . The 
o f f - d i a g o n a l  term which de te rm ines  the  degree  o f  mixing invo lves  the  
d i f f e r e n c e  between two r e l a t i v e l y  l a rg e  pa ram ete rs  which a re  not  
a c c u r a t e l y  known and may r e s u l t  in  r e l a t i v e l y  l a rg e  e r r o r  in  the  d e t e r ­
m ina t ion  o f  3. On the  o t h e r  hand, th e  e x p e r i m e n t a l l y  obse rv ab le  asymmetry 
p a ram e te r  T) i s  ex t rem ely  s e n s i t i v e  to  th e  degree  o f  mixing and i s  co n s id e re d  
a more r e l i a b l e  i n d i c a t o r  o f  the  amount o f  d^ 2  ^ 2  p r e s e n t  in  the  ground 
s t a t e .
Although the  s p l i t t i n g  o f  the  ground s t a t e  ip by s p i n - o r b i t
i n t e r a c t i o n  i s  ab sen t  in  f i r s t  o r d e r ,  t h e r e  i s  a s i g n i f i c a n t  e f f e c t  in
second o r d e r .  This  i s  o f  the  same o r d e r  o f  magnitude as the  exchange
i n t e r a c t i o n  a t  OK. A ccord ing ly ,  a modif ied  p e r t u r b a t i o n  t e c h n iq u e ,  f i r s t
(91)i n t r o d u c e d  by Pryce , was used t o  de termine  the  ze ro th  o r d e r  wave- 
f u n c t i o n s  |\|;,M >  . This  r e q u i r e s  a m o d i f i c a t i o n  o f  the  sp in -H am i l ton ian
by i n c l u s i o n  o f  a term which i s  o f  second o r d e r  in  s p i n - o r b i t  i n t e r a c t i o n .  
The a p p r o p r i a t e  Hamiltonian  W  i s  comprised o f  the  t h r e e  fo l low ing  te rms ,
3C
The f i r s t  te rm a r i s e s  from the  second o rd e r  e f f e c t s  o f  s p i n - o r b i t  
i n t e r a c t i o n  and
- A'
<  i| iMq  I L . S  l ^ j M g  >  <  i p tMq  I L . S  I >J  S
E - E
(4-10)
where E^ i s  the  unpe r tu rb e d  energy  o f  the  o r b i t a l  ground s t a t e  and 
|ip M >  a re  the  w avefunct ions  o r i g i n a t i n g  from th e  c r y s t a l  f i e l d  s t a t e s
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of energy E^.
The second term H is based on a simple molecular field
iH A
model for the exchange interaction and
-2 2 j. s. . S = - Hc Sl i  El
(4-11)
where the effective spin S of the ferrous ion is coupled to the surrounding 
spins by an exchange integral J^.
Finally, the third term H ^  is the spin-spin interaction with
Hss = - P  ^(L.S)2 + j (L.S) - Is(S+l)L(L+l) (4 -12)
and p is close to 1 cm * for the Fe^+ ion^^ . This is of similar
magnitude to the second order spin-orbit interaction term and should
therefore be included in the total Hamiltonian.
Provided the amount of d^2 ^2 mixed into the ground state
wavefunctions is small, the spin nature of the zeroth order wavefunctions
is determined to a very good approximation by considering the spin-
Hamiltonian acting within the pure d^2 manifold. In this case, the only
orbital levels effectively mixed into the ground state by second order
spin-orbit interaction are the d and d levels. All constant terms r xz yz
appearing in the Hamiltonian shift all levels by the same amount and 
are therefore ignored. Assuming the exchange field is predominantly in 
the x direction, as suggested by the analysis of the experimental data 
(page 68), then the Hamiltonian may be written,
HeSx - p{(L.S)2 + |<L.S)}
-
- A'
<  Z2,M IL.SIYZ,M >  <  YZ,M |L.S|Z2,M >
yz
< Z2,M |l .s |x z,m >  <  XZ,M |L.S|Z2,M >
(4-13)
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where A , A are the energies of the d . d levels above the ground xz yz xz yz
state. The spin-orbit splitting of these upper levels is safely ignored 
as the splittings are small compared with their distance above the 
ground state. Using S = -^-(S + S), L.S = L S  +^-(LS + L S )  and 
the orbital wavefunctions listed in (2-23) the matrix elements are 
easily calculated giving
-1 -2
M 1 sMs
2 -3(P+2p) -He 0 0 0
1 -He -^(P+2p)
/6
' ~ 2 ~ He 0 0
0 0 / 6‘ ~2 He -9(P+2p) - 2 e 0
-1 0 0 - 2 e — (P+2p) -He
-2 0 0 0 -He -3(P+2p)
P = A2 , 1 1 ,+ 7T“ ) • Eigenvalues and eigenvectors were calculatedxz yz
(4-14)
using a standard routine on a Hewlett-Packard model 9820 desk calculator.
The five resulting zeroth order wavefunctions are most conveniently 
expressed as
|4>,MS > = a I vp, 2 >+ b I ip, 1 > + c | M  > +  d|iK-l >+ e|i|J,-2 >. (4-15)
The first order correction to the wavefunction |^i,Mg >  is
K , ms > = |<MS > - < ^ ,ms |l.s |yz,ms > |yz,m  ^>
yz
- < iJ>,Ms|0|XZ,Mg >|XZ,MS > 
xz
= k,Ms > - < z2,Ms |l+S_+ L_S+|YZ,Mg > |YZ,MS > (4-16)
yz
- JT~ < Z2,Ms |l+S_ + L_S+ IxZ.Mg > IXZ.Mg >
XZ
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when neglecting mixing via the small component of d^2 
state. A straightforward calculation leads to
-y in the ground
>  = a|ip,2 >  + b I ip, 1 >  + c|^,0 >  + d I ip, -1 >  + e | ip, - 2 >
(4-17)
- [ a ’IYZ,2 >  + b 'IYZ,1 >  + c' |YZ,0 >  + d '|YZ,-1 >  + e'|YZ,-2 >]
- [a"|XZ,2 >  + b"IXZ,1 >  + c"|XZ,0 >  + d"|XZ,-l >  + e"|XZ,-2 >]
where a 1 X
yz
X
\yz
[/3b]
/3a
X 3, -=b +
yz
x r 3VL/2 c +
Äyz
[/3 d]
a"
xy
[ -/3 b]
o i--
-1 b" X~  --Axy
/3aL
i---1
01
3 d X r 3 h 3 ,/2 . c Axy L/fb ‘ /2 d
/Tej d" Xr: -------Axy i 
*
Ss
ih o - /3e
[/3d] .
xy
A slight correction to all the coefficients follows on renormalization. 
Analytical expressions are obtained for the quadrupole and hyperfine 
interactions expressed in terms of these coefficients by using equivalent 
operator methods. Since these expressions are rather lengthy, they are 
included in Appendix C, together with the appropriate operator equivalents 
and their matrix elements for the 3d wavefunctions.
By making several assumptions, the large number of parameters
r 8 2 1involved can be somewhat reduced. A previous estimateL J of the 
covalency of the ferrous ion in the eightfold coordinated site of 
almandine indicates it may be less than 5%. This is in reasonable
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agreement with the large isomer shift value of 1.38 ± 0.03 mm/sec observe
at 4.2K. Large values of isomer shift are generally associated with highly 
1221ionic compounds^ . In the circumstances, a covalency factor a^2 of
-0.95 is not unreasonable. This factor will lead to a slight decrease
in A, <  r 3 and < r 3 > from their free ion values. A similar Q mag
decrease is expected in the contact hyperfine constant h^. The following
values were adopted, a 2 = 0.95, p = 1 cm \  A = -98 cm *, (1-R) <  r j > Q =c
3.3a.q<0.21 b , A = 4,300 cm  ^and A = 7,700 cm ^.yz xz
Provided the ground state wavefunction is at a sufficiently 
large distance from the next higher excited state, such that its contribution 
to a Boltzmann summation is negligible, then the Mtfssbauer parameters 
derived from the experimental data at 2K and 4K are representative of the 
ground state wavefunction. Without exchange interaction the spin-Hamiltonian 
reduces to
3C = D sz2 (4-18)
3 -1where D = (P+2p) % 8 cm . It follows that since the ground state in
this case is = 0 there is an easy plane of magnetization, xy.
With exchange (H = 10 cm \  see below) substantial mixing 
occurs and all degeneracy is removed. When the exchange is applied in the 
x direction, the zeroth order ground state wavefunction contains equal 
mixtures of |ip,2 > and 1 , -2 >  , |i[i,l >  and |^,-1 > as well as the major 
component |ij>,0 >  . The first excited state is about 20 cm * above the 
ground state and can be safely neglected when interpreting the low temper­
ature experimental data collected at 2K and 4K. The corresponding 
coefficients of the zeroth order ground state wavefunction are
a = 0.095, b = 0.450, c = 0.759, d = 0.450, e = 0.095 .
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From these the first order correction to the wavefunction is obtained 
using equation (4-17). The quadrupole and hyperfine parameters then 
follow from the analytical equations in Appendix C.
Since the asymmetry parameter was found to be extremely
sensitive to the amount of d 2 2 mixed into the ground state, it wasx -y
possible to determine its upper limit. For q < 0.06 it follows that 
3 < 0.02. This small value justifies the omission of this term from 
the matrix (4-14) in which it occurs as off-diagonal elements and as 3Z 
on the diagonal. Variation of 3 in the range 0 -*■ 0.02 was found to 
result in less than a 1% change in the quadrupole splitting and hyperfine 
fields. Consequently, a value of 3 = 0.01 was adopted, corresponding 
to q = 0.04. The best fit values are indicated in Table 4.5. A 
comparison between the theoretically calculated value of the quadrupole 
splitting and those observed experimentally shows good agreement. The 
theoretical value is about 5% higher. This difference is not unexpected,
Table 4.5.
V zz = -0.5694 e < r ~ 3 > Q SX = 1.85 L =0.26X
V X X = 0.3017 e <  r”3 >q SY = 0 L = 0 Y
V
Y Y
=r 0.2677 e < r - 3  >Q Sz = -0.0002 , L = 0.0004 z
V xz -0.0005 e < r - 3 >Q a 2 c <  r-3 > mag = 4.54 a . u .
q 0.04, 3 = 0.01 hc = 515 kOe
AQ -3.79 mm/sec HcSx = -476 kOe, Hc =0.05 kOe Sz
h tLx = 145 kOe, Hr =0.2 kOe Lz
HDx = 78 kOe, Hn = -2 kOe Dz
Mhf = 253 kOe
<  L + 2S >  = 3.96
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as the contribution from the lattice has not formally been included in
the calculation. The difference may imply that the lattice contribution
to the EFG is opposite to the valence contribution as discussed by 
(321Ingalls , and is of the order of +0.2 mm/sec. No great emphasis 
can be placed on this comparison as the product term (1-R) <  r 3 is
at best only accurate to about 10%^^ leading to a lower limit for the 
lattice contribution of -0.2 mm/sec. On the other hand, a direct lattice 
sum calculation based on the nearest neighbour oxygen atoms gives an 
EFG, in the z direction, of +0.176 mm/sec. This gives excellent agreement 
between experiment and theory and supports the value adopted for 
<xc 2(1-R) <  r'3 >qQ.
The fitted value of a 2 <  r 3 >  of 4.54 a.u. results inc mag
an effective free ion value of <  r 3 >  = 4.78 a.u. A contact constantmag
of 515 kOe is close to the 5% reduction in the free ion contact constant
of 550 kOe as expected. Both of these parameters are in good agreement
(50,56) The magnetic 
(79)
with the values calculated by Watson and Freeman
moment derived from the neutron diffraction investigation of Prandl
is 4.38 ± 0.44 and from the present work is 3.96 which lies just
within the experimental error in the neutron diffraction result. It
is thought that this smaller value results from the underestimation of
the total orbital component within the ground state wavefunction. In
the present calculation the small amount of d mixed in via the d 2 2 r xy x -y
component of the ground state has been omitted. For a value of 3 = 0.01
this is estimated to be less than 5% of the d , d component. Itsxz yz r
inclusion would only be expected to improve the value of magnetic moment 
by a few percent at most.
Calculations based on the assignment of A ^  and as proposed
Programme supplied by Dr. B.L. Dickson.
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f 811by White and Moore^ J were not as acceptable. The smaller orbital 
contribution resulting from the large value of A can in part bey z
compensated by a reduction in the exchange interaction or a substantial
increase in <  r 3 >  . A further increase of <  r 3 >  above 4.78 a.u.mag mag
seems unlikely in view of current estimates (1^,16,52) ancj a reduction 
of the exchange interaction leads to a value of magnetic moment which 
is at least 10% less than that previously calculated.
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CHAPTER 5. 
Olivines
5.1. Introduction
The silicate minerals belonging to the olivine family are of
considerable geological and geophysical importance and have been extensively
studied using a wide range of experimental techniques, including Mössbauer
spectroscopy. A great deal of the Mössbauer investigation of olivines
has been confined to the paramagnetic region, although spectra of magnet-
r 17)ically ordered fayalite have been published by Kundig et_ aj_ . There 
has been no previous Mössbauer investigation of the intermediate iron- 
olivines at temperatures low enough to produce magnetic order. In the 
present work, spectra were obtained at 4K for several of the manganese, 
calcium and magnesium iron-olivines. All specimens,apart from CaFeSi04, 
showed evidence of magnetic ordering.
The interpretation of Mössbauer data obtained from these mixed 
crystal systems involving more than one available iron site requires a 
knowledge of the site preference of the divalent metal ions present within 
the structure. In addition to such factors as ionic radius, electro­
negativity, and oxidation state, certain transition metal ions, such as 
Fe^+, may gain additional crystal field stabilization energies in dis­
torted octahedral sites. The relative importance of each of these factors 
in determining the distribution of cations between the two sites in the 
olivine structure is not yet completely understood.
Attempts to obtain information on site preferences in the 
olivines using Mössbauer spectroscopy have been hampered by the difficulty 
of resolving and allocating the two closely overlapping doublets that 
arise from the ferrous ion in the M(l) and M(2) octahedrally coordinated 
sites. The problem of unambiguously allocating the two doublets to their
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respective sites is considered here for a range of synthetic samples. In
assigning the two doublets, use is made of previous studies in which it
2+ 193 941was found that there was complete ordering of the Ca ion ’ and
partial ordering of the Mn^+ i o n ^ ^  in the olivine structure.
An investigation, at high temperatures, of a single crystal
of olivine was undertaken. This enabled the EFG principal axes to be
determined for both the M(l) and M(2) sites. A knowledge of the direction
of the principal axes at both sites is useful when interpreting the low
temperature spectra which contain information concerning possible spin
directions within the structure. This allows a comparison of spin models
proposed by neutron diffraction s t u d i e s ^ .
(98 991In this study, the debate * over the interpretation of 
the optical spectra arising from the 3d spin-allowed transitions of the 
ferrous ion on the two non-equivalent lattice sites in olivines has been
(971considered. Runciman et_ al_ have interpreted the major features of
the polarized optical spectra on the basis of C2^ symmetry for the Fe^+
ion in the M(2) site. Their calculations yield the correct polarization
(951dependence, whereas those of Burns , using C symmetry do not.3 V
(97)Runciman et_ al could offer no explanation for the prominent shoulders
that occur in their spectra at 8,100 cm 1 and 11,700 cm 1 or the additional
band located at 1,775 cm 1 . Burns has put forward several persuasive
arguments which have established that these shoulders are due to Fe^+
ions in the M(l) site. Later temperature-dependent polarization studies 
(991by Runciman et_ al tended to confirm these arguments. Furthermore,
they suggest that the unidentified band at 1,775 cm 1 may also arise 
from iron on the M(l) site. The band corresponding to the transition 
between the ground state and first excited crystal-field state occurs 
in the infrared, for both the distorted octahedral sites. These bands 
are not observed in the optical spectra as they are masked by the strong
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vibrational bands occurring in the infrared. Temperature dependence 
studies of the quadrupole splitting have been undertaken to estimate the 
separation of the three orbital states derived from the crystal field 
splitting of the octahedral 5T2 level.
5.2. Sample Synthesis
The olivines are represented by the general chemical formula 
[ M(l),M(2)] 2Si04 where the M(l) and M(2) sites contain the usual divalent 
metal ions, such as Mg, Fe, Mn, Ca, Ni and Co. Those prepared for the 
present work include the complete solid solution series -- forsterite 
(Mg2Si04) -* fayalite (FezSi04) -* tephroite (Mn2Si04) . Several calcium- 
iron olivines, containing up to 50 mole percent Ca2Si04, were also 
synthesized. Members of the olivine family can in general be synthesized 
at temperatures in the range 900K to 1,500K at atmospheric pressure.
A horizontal tube furnace which was capable of producing 
temperatures to 1,500K and a temperature control unit for stabilizing 
temperatures to ±5K were used. The low oxygen partial pressure required 
for the preparation of the iron and manganese rich olivines was achieved 
by using a C02/H2 mixing ratio of 4:1. At 1,425K, the temperature used 
in the synthesis, this ratio gives a f02 of 1 x 10 10 atmospheres. The 
gases were mixed in an apparatus similar to that described by Darken and 
C u r r y a n d  the gas rate through the furnace was adjusted to 1 cm sec 1 
as suggested by Muan^^^ .
All starting materials were of Analar grade and were thoroughly 
dried before weighing. Stoichiometrically calculated quantities of the 
requisite components were mixed, ground and then pressed into pellet 
form using a pressure of 2,000 kg/cm2. The pellets were sintered at 
1,200K for twelve hours under the controlled atmosphere, removed, reground
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and repressed. They were then reheated at 1,425K for several days and 
again removed and reground. This procedure was repeated until the Mössbauer 
spectra of the powdered sample showed no additional iron phases. A final 
check by X-ray diffraction was then carried out to confirm the sample 
was single phase. Because of its higher melting point the magnesium 
rich end member, forsterite, required additional heating at higher 
temperatures in an induction furnace to complete the reaction in a reason­
able period of time. It was possible to synthesize a complete solid 
solution series for the ferro-magnesium, ferro-manganese olivines, but 
not for the ferro-calcium series. Above a value of 65 mole percent Ca^SiOi, 
a new phase of Ca2Si0 i, appears^^^ in addition to the Cai 3^e0 ?SiO • 
Figures 5.1 and 5.2 illustrate the Mössbauer spectra of six typical 
synthetic olivine samples.
5.3. Analysis - Olivine Crystal
A single crystal of olivine, 0L1, whose origin is unknown, 
was acquired from World Wide Gem Rough Company. Its analysis is 
presented in Table 5.1.
Table 5.1.
Component wt% Cation proportions on the basis of 4 oxygen atoms
Si02 41.05 1.001
FeO* 8.05 0.164 >|
MnO <0.08
NiO 0.31 0.006 ■ 1.997
MgO 50.25 1.827
CaO <0.07
Total: 99.66
★ All iron as FeO
8 5 .
Fe^SiO
FeMgSiO
-1 .0
VELDCITY <MM/5EC>
Fig .  5 . 1 .  Mtfssbauer s p e c t r a  o f  t h r e e  s y n t h e t i c  o l i v i n e s  a t  295K.
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VELDCIT Y < M M /S E C >
Fig.  5 .2 .  Müssbauer s p e c t r a  o f  th ree  s y n th e t i c  o l i v in e s  a t  295K.
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5.4. Crystal Structure
The crystal structure of olivine is orthorhombic with space
(97)group P (no.62),and contains four molecules per unit cell . The 
structure consists of independent silicon tetrahedra linked by divalent 
metal ions in six-fold coordination. These metal ions occupy two non­
equivalent lattice positions; half the cations are located at centres of 
symmetry and are denoted by M(l), while the remaining half are located 
on mirror planes in the structure and are denoted as M(2). Neglecting 
translations, there are four different orientations of each of-the* 
distorted M(l) and M(2) octahedra in the unit cell. The M(l) sites 
are symmetrically related by reflection planes parallel to the (001),
(100) and (010) crystallographic planes. Similarly, the four M(2) sites 
are related by two-fold rotation axes parallel to the a, b and c crystal­
lographic axes.
Until recently the interpretation of much of the experimental 
data was hampered by a lack of precise knowledge of the atomic structure.
In particular, the degree of distortion of the two non-equivalent octa- 
hedrally coordinated cation sites was uncertain. Several recent site 
refinements have been presented for intermediate Fe-Mg o l i v i n e s 104) .
An additional X-ray investigation by Brown and P r e w i t t a t  temperatures 
to 1,000K indicate that the octahedral distortions for both sites increase 
with temperature. The distortion of the smaller M(l) site increases at 
a faster rate than the M(2) distortion.
Atomic parameters and unit cell lengths have been reported 
for several naturally occurring olivines. The unit cell lengths found 
by Birle e_t al^10^  for the end members forsterite and fayalite are 
a = 4.762, b = 10.225, c = 5.994 and a = 4.816, b = 10.469, c = 6.099 X 
respectively. Shown diagramatically in Figure 5.3. are the two sites
88.
Fig. 5.3. A (100) projected view of the M(l) 
in forsterite. (The atomic distances are
and M(2) octahedron 
from Wenk et al^^^).
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projected on the (100) plane. The atomic distances shown are for forsterite 
(FeQ iMg[j g)2SiOi+ and the labelling of oxygen atoms is consistent with 
that of Wenk et^  . The M(2) site has m(Gs) point symmetry. However
the local symmetry may be regarded as approximately C , with the z and 
y axis lying in the (00 3) plane. The x axis lies along the crystallographic * 
c axis and y is close to the original fourfold axis 0(2) - M(2) - 0(1).
It is convenient to express the site axes in terms of their direction cosines 
with respect to the crystallographic axes a, b and c. For M(2), these 
are Z2 (-0.84, .0.54, 0), Y 2 (0.54, 0.84, 0) and X2(0,0,1). Although the 
point symmetry at the M(l) site is I(Ch), the local symmetry is approxi­
mately D^. In this case the Z^xis lies close to the original fourfold 
axis 0(3) - M(l) - 0(3) with Xl near 0(2) - M(l) - 0(2) and Y 1 close to 
0(1) - M(l) - 0(1). The direction cosines corresponding to these bond 
directions are (-0.62, 0.78, 0.10), (0.64, 0.26, 0.72) and (-0.53, -0.45, 
0.72) respectively.
5.5. Experimental Results
5.5.1. Paramagnetic Region
Fayalite:
Table 5.2. lists the resultant parameters of a two doublet
fit to the spectrum of the powdered sample of synthetic fayalite over
the temperature range 79 to 853K. Counts were collected in 512 channels.
Figure 5.4. is a plot of three typical spectra together with their fitted
envelopes. The lower and higher energy peaks of the outer doublet A are
designated as A^ and Ajj respectively, while the two peaks of the inner
doublet B are referred to as BT and B... Below 621K additional constraints
were required in fitting the spectra. The areas of the doublets A and B
r
were set equal and the linewidth ratio was set to 1.03, which was
the average ratio found from the fits at higher temperatures. All four 
peaks are visible in the spectra taken at 621K and 718K. Consequently
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T a b l e  5 . 2 .
Temp
(K)
Coun ts
( m i l l i o n s ) x 2
a Qa
(mm/sec) 
±0.005
a Qb
(mm/sec) 
±0.005
«A
(mm/sec)
±0.004
<$B
(mm/sec) 
±0.004
r A
(mm/sec) 
±0.004
r B
(mm/sec)
±0.004
Area
R a t i o
A/B
±0.04
853 3 .2 6 1.10 1.826 1 .383 0 .737 0 .676 0 .256 0.261 1.05
823 2 .9 5 0 .95 1.878 1.426 0 .759 0 .699 0 .262 0 .263 1 . 0 6 ’
793 3 .0 2 1.00 2 .014 1.538 0 .814 0 .751 0 .259 0.265 1.02
758 1.82 0 .9 0 2 .1 4 3 1.655 0 .862 0 .799 0 .2 5 8 0 .2 73 0 .9 9
718 3 .1 1 0 .9 6 2 .264 1 .773 0 .8 9 7 0 .8 5 0 0 .262 0.271 0 .99
621 3.45 1.12 2 .447 1.965 0 .977 0 .916 0 .265 0.271 0 .9 8
522 3 .25 1.25 2-. 600 2 .184 1.035 0 .977 0 .264 1 .03P a 1
423 3 .5 5 1 .32 2 .750 2 .412 1.098 1.045 0 .2 6 3 f t i t
250 2 .1 8 1.69 2 .930 2 .641 1.155 1.154 0 .349 i t f t
202 1 .9 9 1.80 2 .994 2 .757 1.176 1.180 0 .347 t t f t
165 1 .8 7 1.97 3 .027 2 .801 1.191 1.202 0 .322 t t vv
122 1.51 1.83 3 .088 2 .848 1.211 1.220 0.325 t t I t
90 1 .50 2 .1 7 3 .108 2 .8 5 6 1.226 1.233 0 .322 i t I I
79 2 .1 7 2 .09 3.136 2 .848 1.236 1.245 0 .427 i t f t
T a b le  5 . 3 .
Temp
x 2
(K) 621
1 .10
718
0 .95
a q a 'mm/sec] + 0 .005 2 .450 2 .2 64
a q b i t + 0 .005 1 .967 1.774
f t ± 0 .004 0 .9 7 3 0 .905
5b
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Fig. 5.4. Three spectra of fayalite recorded at 718, 423 and 122K 
respectively, and their fitted envelopes.
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a four line fit was attempted and the parameters are listed in Table 5.3.
The area under the upper two peaks is equal to the area under the lower 
two peaks, to within the experimental error of 3% and indicates that 
less than 3% of the total iron is in the ferric state.
Intermediate Olivines:
Several spectra of the magnesium, manganese and calcium 
olivines, with varying degree of iron substitution, were recorded at 725K. 
The linewidths and area ratios resulting from a two-doublet fit are 
recorded in Table 5.4. The spectra from two of the manganese-iron olivines, 
containing 50 and 75 mole percent Mn2Si04 respectively, were poorly 
resolved and required additional constraints in fitting. The width of the 
inner doublet was fixed at a value 20% higher than the outer doublet. This 
value is consistent with that observed in the end members of that series. 
Figures 5.5 and 5.6 show the fitted spectra for six representative samples 
from the group.
Table 5.4.
Sample Counts(millions) x2
rA
(mm/sec)
±0.004
rB
(mm/sec)
±0.004
Area Ratio
a/b
±0.04
(Ca ,Fe J  SiO
0 . 1  0.92 h 1.36 1.01 0.265 0.318 0.79
(Mg ,Fe ) SiO 0.89 1.54 0.285 0.331 0.83
(Mg ,Fe ) SiOV &U.25’ 0.752 t 0/86 1.64 0.269 0.307 0.83
(Mg ,Fe ) SiO 1.13 1.42 0.265 0.300 0.82
(Mg ,Fe ) SiO 0.99 1.60 0.270 0.295 0.82
(Mg ,Fe ) SiO 2.11 0.97 0.285 0.326 0.74
(Mn ,Fe ) SiO0.1 0 . 9 2 4 0.74 1.51 0.273 0.322 0.77
(Mn ,Fe ) SiO0 . * 5 0.752 4 1.37 1.47 0.268 0.333 0.60
(Mn ,Fe ) SiOv 0.5 0.52 4 0.94 1.52 0.286 i. 2 r AA 0.27±0.1
(MnA ,Fe ) SiO0.75* 0.252 4 0.89 1.26 0.294 i.2 rAA 0.22±0.1
(Mn ,Fe ) SiO0.9 0 . 1 2  4 0.79 1.27 0.301 0.357 0.44
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Fig .  5 . 5 .  The s p e c t r a  o f  t h r e e  Fe-Mg o l i v i n e s  r eco rd ed  a t  725K and 
t h e i r  f i t t e d  en v e lo p e s .
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Fig .  5 .6 .  The s p e c t r a  o f  t h r e e  Fe-Mn o l i v i n e s  r e c o rd e d  a t  725K and 
t h e i r  f i t t e d  en v e lo p e s .
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N atural Sample:
A randomly o r i e n t e d  powdered a b s o rb e r  was p repa red  by c ru sh in g  
and g r i n d i n g  a small  p i e c e  o f  the  s i n g l e  c r y s t a l  0L1 with A120 3 powder.
S p e c t r a  were c o l l e c t e d ,  in  512 c h a n n e l s ,  over  the  te m pera tu re  range 4.2K 
t o  903K. The v a lu e s  o f  quadrupole  s p l i t t i n g ,  isomer s h i f t ,  l i n e w id th s  
and a r e a  r a t i o s  r e s u l t i n g  from a two d o ub le t  f i t  a re  recorded  in Table 5 .5 .  
Area r a t i o s  a re  only  inc luded  f o r  t e m p e ra tu r e s  above 621K. Below t h i s  
t e m p e r a t u r e  the  upper two peaks a re  not  as  w ell  r e s o lv e d  and an a d d i t i o n a l  
c o n s t r a i n t  was p laced  on the  a r e a  r a t i o  o f  th e  two d o u b l e t s .  The a rea  
r a t i o  A/B was f ix e d  a t  a va lue  o f  1 .04 ,  co r re sp o n d in g  to  th e  a r e a  r a t i o s  
de te rm ined  from the  s p e c t r a  reco rded  a t  621K and 671K. F igure  5 .7  shows 
t h r e e  s p e c t r a ,  wi th t h e i r  f i t t e d  e nve lopes ,  a t  4 . 2 ,  372 and 793K r e s p e c t i v e l y .  
The spec trum a t  4.2K shows s ig n s  o f  s h o r t - r a n g e  magnet ic o r d e r .  This  
r e s u l t e d  in  a l a r g e r  va lue  o f  y 2 than  th o se  f o r  the  s p e c t r a  ob ta in ed  a t  
h i g h e r  t e m p e r a t u r e s .
At 793K the  upper  two peaks a r e  well  r e s o lv e d  and s p e c t r a  were 
r e c o rd e d  f o r  th e  a b s o r b e r ,  mounted in  t h e  u sua l  p o s i t i o n ,  with  the  y-r'ay 
d i r e c t i o n  normal to  th e  a b s o r b e r  s u r f a c e  and then  with  the  a b s o rb e r  
r o t a t e d  th rough  45° with  r e s p e c t  to  the  y - r a y  d i r e c t i o n .  No p r e f e r r e d  
o r i e n t a t i o n  o f  th e  c r y s t a l l i t e s  was d e t e c t e d  as a comparison o f  the  f i t t e d  
p a ram e te r s  f o r  both  o r i e n t a t i o n s  (Table 5 .5 )  i n d i c a t e s  they  a re  the  same 
to  w i th i n  th e  expe r im en ta l  e r r o r .
Area r a t i o s  and l i n e w id th s  r e s u l t i n g  from an u n c o n s t r a in e d  t h r e e  
peak f i t ,  w ith  one lower and two upper  peaks ,  to  th e  s p e c t r a  a t  793K and 
883K a r e  p r e s e n t e d  in  Table 5 . 6 .  The a r e a  r a t i o  o f  th e  two high energy 
peaks a re  in good agreement with  th e  a rea  r a t i o s  p r e v i o u s l y  determined  
from th e  tw o-doub le t  f i t  a t  t h e s e  t e m p e r a t u r e s .  Fur thermore ,  the  f i t t e d  
a r e a  r a t i o  o f  the  upper two peaks t o  the lower peak i s  c l o s e  to  u n i t y  
i n d i c a t i n g  t h a t  l e s s  than 4% o f  th e  t o t a l  amount o f  the  f e r r o u s  ion in
9 6 .
T a b le  5 . 5 .
Temp
m
Coun ts  
(mi 11 i o n s ) x 2
AQa
(mm/sec) 
±0.005
aqb
(mm/sec)
±0.005
«A
(mm/sec)
±0.004
«B
(mm/sec)
±0.004
r A
(mm/sec)
±0.004
r B
(mm/sec) 
±0.004
a r e a
R a t i o
A / B
±0.05
903 2 .0 0 0 .91 1.862 1.550 0.725 0.664 0.252 0.247 1.07
883 2 .5 6 1.00 1 .924 1.609 0 .750 0 .6 89 0 .254 0.251 1.05
848 2 .6 6 0 .95 1.998 1 .683 0 .780 0 .720 0.252 0 .250 1.05
818 2 .4 8 1.09 2 .077 1.759 0 .803 0.745 0 .2 52 0 .2 56 1.02
793 2 .24 0 .9 6 2.155 1.836 0 .846 0 .782 0 .267 0 .264 1 .07
★
793 2 .1 1 1.02 2 .158 1.835 0 .843 0.781 0 .267 0 .260 1.07
748 3 .40 1.01 2 .233 1.921 0.874 0 .808 0.264 0 .260 1.04
718 2 .6 7 1.11 2 .327 2 .0 1 0 0 .904 0 .8 40 0 .2 66 0 .268 1.03
671 3 .2 0 1.25 2.405 2 .1 0 3 0 .934 0.864 0 .2 62 0 .256 1.04
621 2 .2 0 1.29 2 .505 2 .196 0 .963 0 .901 0 .263 0 .257 1.04
570 3 .5 3 1.24 2 .577 2 .309 0 .993 0 .922 0.261 0 .256 -
521 2.21 1.11 2 .700 2 .414 1.021 0 .970 0 .265 0 .260 -
471 3 .6 0 1.22 2.771 2 .522 1.049 0 .994 0 .253 0 .248 -
422 2 .48 1.56 2 .859 2.641 1.076 1.028 0 .274 0 .260 -
372 2 .98 1.49 2 .950 2 .7 4 3 1.103 1.076 0 .250 0.245 -
300 1.36 0 .95 3 .143 2 .891 1.136 1.134 0 .2 68 0 .257 -
250 1.36 0 .9 9 3 .187 2 .9 4 7 1.154 1 .163 0.271 0 .267 -
200 1.33 1 .13 3.239 2 .984 1.181 1.190 0 .269 0 .269 -
150 1.21 1 .23 3 . 276± 
0 .01
3 . 002± 
0 .0 1
1 .2 0 4 ± 
0 .01
1.217 ± 
0 .01
0 .326 0 .315 -
101 2 .2 0 1.62 3.287 3 .035 1.245 1.254 0 .297 0 .293 -
65 3.00 1.01 3 .276 3 .060 1.262 1.276 0 .236 0 .244 -
45 3.21 1.16 3.262 3 .037 1.252 1.268 0 .249 0 .249 -
25 3.65 1.23 3 .253 3 .0 3 3 1.245 1.262 0.261 0 .254 -
4 . 2 3.37 1.82 3 .2104
0.01
3 . 030± 
0 .0 1
1 . 243± 
0 .01
1 . 268± 
0 .01
0 .282 0 .266 -
* a b s o r b e r  r o t a t e d  t h r o u g h  an a n g l e  o f  45° .
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F ig .  5 . 7 .  Three s p e c t r a  o f  sample 0L1 w i t h  t h e i r  f i t t e d  e n v e l o p e s ,  
a t  4 . 2 ,  372 and  793K r e s p e c t i v e l y .
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Table 5.6.
Temp(K) Counts 2X
(millions)
r(AL+BL) (mm/sec)
±0.003
rAH
(mm/sec)
±0.003
rßH
(mm/sec) 
±0.003
ah +bh
(a l+bl)
±0.03
Ah/bh
±0.03
793 2.24 1.09 0.299 0.270 0.265 0.99 1.06
883 2.56 1.15 0.294 0.252 0.249 1.01 1.05
the sample was in the ferric state.
A thin slice, parallel to the (100) crystallographic plane, 
was cut from the single crystal sample 0L1. This was ground and polished 
to a thickness of less than 0.2 mm to reduce thickness broadening effects. 
Müssbauer data was collected with the c axis mounted perpendicular to the 
y-ray beam and angles were measured relative to the a axis in the (001) 
crystallographic plane. The sample temperature was maintained at 793K. 
Since the lower two peaks are not resolved and a two-doublet fit is no 
longer valid for the single crystal absorber, the spectra were fitted as 
one lower and two upper peaks. A further constraint was placed on the
TP
linewidths of the upper two peaks. Their ratio AH/Tg^ was set at 1.02. 
This is the average value taken from Table 5.5 for the powdered sample. 
Figure 5.8 shows three typical spectra with their fitted envelopes. Table 
5.7 includes the relevant area ratios and linewidths.
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F ig .  5 . 8 .  Three s p e c t r a  o f  the  s i n g l e  c r y s t a l  0L1 wi th  t h e i r  f i t t e d  
e n v e lo p e s ,  o r i e n t e d  a t  3°,  13° and 23°.  Angles a re  measured 
r e l a t i v e  t o  the  c r y s t a l l o g r a p h i c  a a x i s  in  the  (001) p l a n e .
100.
Table 5.7.
Angle 3° 7° 13° 17° 23°
Counts (millions) 2.93 3.48 2.42 3.40 2.06
x2 1.18 1.33 1.41 1.43 1.09
Fa mm/sec ± 0.005 0.251 0.253 0.276 0.267 0.251
BH/Ah ±0.04 0.580 0.591 0.654 0.625 0.649
(Al+Bl)/Ah ± 0,03 1.432 1.412 1.427 1.441 1.503
(Ah +Bh )/(Al+Bl) ±0.03 1.103 1.127 1.159 1.127 1.097
5.5.2. Magnetic Region
The spectra of the intermediate iron-olivines containing varying 
degrees of calcium, magnesium and manganese ions were compared at 4.2K. 
Their spectra are shown in Figures 5.9, 5.10 and 5.11 respectively. N4el 
points for all samples are listed in Table 5.8.
Table 5.8.
Sample T N (K) Sample t n ® Sample T N (K)
F e 2S i 0 4 6 5 ± 0 .5 (Mg ,Fe ) SiO 5 5 . 0± 
0.5
(Mn ,Fe ) SiO0.1 0 . 9 2  4 6 2 . 0± 0.5
(Ca ,Fe ) SiO0.1 0 . 9 2  4 5 8 . 6± 0.5
(Mg ,Fe ) SiOV & 0 . 2 5 0.75 2 4 4 3 . 5± 0.5
(Mn ,Fe ) SiOV 0.25 0.75^2 4 5 8 . 5± 0.5
(Ca ,Fe ) SiO 2 6 . 0± (Mg ,Fe ) SiO 22 . 4± (Mn , Fe ) SiO 4 4 . 5±
0.5 0.5 0.5
(Mg ,Fe ) SiOv & 0.75 0 . 2 5 2  4 7.5± 1
(Mn ,Fe ) SiOV 0.75* 0.25^2 4 4 4 . 0±1
(Mg ,Fe ) SiOv & 0 . 8 5 J 0 . 1 5 2  4 6 . 0± 1
(Mn ,Fe ) SiOV 0 . 9 ’ 0 . 1 2  4 52.5±1
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Fig. 5.9. Spectra of three synthetic Ca-Fe olivines recorded at 4.2K.
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F ig .  5 .1 0 .  S p e c t r a  o f  f i v e  s y n t h e t i c  Mg-Fe o l i v i n e s  r e c o rd e d  a t  4.2K.
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Fig. 5.11. Spectra of five synthetic Mn-Fe olivines recorded at 4.2K.
1 0 4 .
Several spectra of the synthetic fayalite were collected 
between 4.2K and its N^el point of 65K. Figure 5.12 includes the fitted 
spectra at 4.2, 20, 25 and 35K respectively. The spectrum comprises 
two sub-spectra designated A and B. Their corresponding peak positions 
are indicated on the spectrum presented at 4.2K in Figure 5.12.
Figure 5.13 shows the spectra recorded at 50, 60 and 64K respectively.
The least squares programme used in fitting these spectra 
incorporates a subroutine which calculates the position and relative 
areas of the eight peaks for each spectrum using the method outlined by
C78')Kündigt . The programme required initial estimates of H, AQ, 6, q, 0, 
p and linewidths for each spectrum to be fitted. Ranges for q, 0 and p 
corresponding to the peak positions were calculated as outlined in 
section (2.3.2). At temperatures close to 4.2K several of the peaks 
overlap and are poorly resolved. In such circumstances it was found 
necessary to constrain the linewidth of one of the overlapping peaks. 
Fortunately, at higher temperatures several of these overlapping peaks 
were resolvable, allowing reasonable estimates to be made of their widths 
at the lower temperatures. Several of the less intense peaks in the 
spectrum also required additional constraints. Usually, it was found 
sufficient to constrain the widths of the three least intense peaks of 
each sub-spectrum to be equal.
Generally, linewidths range from 0.3 mm/sec for the outer 
peaks of both the A and B spectra to 0.24 mm/sec for the less intense 
inner lines. The area under both the sub-spectra... was found to be the 
same to within the experimental error of about 3%. Values of hyperfine 
field, quadrupole splitting, isomer shift together with the resultant 
ranges in q, 0 and (f) are listed for both the sub-spectra in Table 5.9.
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Fig. 5.12. The spectra of fayalite, with their fitted envelopes, at 
4.2, 20, 25 and 35K respectively.
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Fig .  5 . 1 3 .  The s p e c t r a  o f  f a y a l i t e  a t  50, 60 and 64K r e s p e c t i v e l y .  
The f i t t e d  enve lopes  a re  shown f o r  the  s p e c t r a  a t  50K and 60K.
Table 5.9.
Temp (K) 4.2 16 20 25 35 50 60
A Spectrum
H kOe ± 4 323 310 301 295 267 216 153
AQ mm/sec ± 0.02 3.08 3.10 3.13 3.12 3.13 3.11 3.12
6 mm/sec ± 0.02 1.225 1.230 1.239 1.248 1.229 1.231 1.227
n 0.21+
0.97
0.25+1 0.26+1 0.25+
0.99
0.29+1 0.30+1 »■ 4 CMo
0 (degrees) 74+90 73+85 73+85 74+90 73+83 73+83 74+86
<J> (degrees) 90+48 90+49 90+49 90+49 90+51 90+51 90+50
B Spectrum
H kOe ± 5 116 115 116 114 111 98 72
AQ mm/sec ± 0.02 3.066 3.067 3.02 3.00 3.05 3.10 3.05
6 mm/sec ± 0.02 1.30 1.30 1.29 1.28 1.30 1.30 1.30
n 0.69+ 0.69+ 0.77+ 0.74+ 0.79+ 0.81+ 0.78+
0.74 0.73 0.87 0.80 0.81 0.89 0.86
0 (degrees) 8+4 7+4 13+7 10+6 6+4 11+6 10+5
(j) (degrees) 90+0 90+0 90+0 90+0 90+0 90+0 90+0
Counts (millions) 1.8 2.00 1.40 1.48 1.47 1.57 1.70
x 2 3.66 3.89 3.56 3.90 3.08 2.18 2.95
1 0 8 .
5 .6 .  D iscu ss ion
5 . 6 . 1 .  Ordering and Peak Assignment
Eibschutz and G a n ie l^ ^ ^  were the f i r s t  to  demonstrate that
a t  temperatures above 400K the Müssbauer spectrum o f  f a y a l i t e  e x h ib it s
two d i s t i n c t  doublets  due to  Fe^+ at the M(l) and M(2) p o s i t io n s .  A
study o f  sev era l  natural magnesium r ich  o l i v in e s  by Malysheva e t  al ^1
in d ic a te d  a random d is t r ib u t io n  over both s i t e s ,  although the s t a t i s t i c s
are poor and as a r e s u l t  th e ir  con c lus ion s  are not j u s t i f i e d .  B etter
sp ectra  were subsequently  obtained by Bush e t  a l a n d  Virgo and
Hafner who found approximately 10 to  20% more area under the inner
doublet than under the outer  doublet for  severa l igneous o l i v i n e s .  Attempts
to  i d e n t i f y  the two s i t e s  by comparison with the spectrum o f  iron
m o n t i c e l l i t e ( C a F e S i O H) , where the calcium i s  known to occupy the 
(93 94)M(2) s i t e  * , were not s u c c e s s f u l .  This was prim arily  due to  the
r e l a t i v e l y  large reduction  in  the quadrupole s p l i t t i n g  a sso c ia te d  with  
the change occurring in the EFG on s u b s t i tu t io n  o f  the larger  Ca^+ ion  
for  the ion . More r e c e n t ly ,  S h in n o ^ * ^  presented sev era l spectra
o f  s y n th e t ic  i r o n - o l i v i n e s , with varying degrees o f  Ca^+, Mn^+ and Mg^  + 
s u b s t i t u t io n .  A s i t e  i d e n t i f i c a t i o n  was based on a comparison o f  the 
temperature dependence o f  the quadrupole s p l i t t i n g s  for both s i t e s .  
S h in n o ^ ^ ^  argued that s in ce  the inner doublet has the greater  temperature 
dependence, i t  may be a s so c ia te d  with the more d is to r te d  M(l) s i t e .  This 
may be a v a l id  argument when comparing s i t e s  which are d is to r te d  in  a 
s im ila r  fa sh io n ,  but i s  not a p p lica b le  to  the two s i t e s  in the o l iv in e  
s tr u c tu r e .  B e s id e s ,th e  temperature dependence o f  AQ,  as shown by Shinno^11^  
i s  very s im ila r  for  both s i t e s  and makes such comparisons m eaningless.
A study o f  the s y n th e t ic  samples at 725K, see Table 5 . 4 ,  in d ic a te s  
that the area under the inner doublet i s  c o n s i s t e n t ly  grea ter  than the 
area under the outer d ou b let .  S ince the Ca^+ ion com pletely  orders in to
109.
the M(2) site^^*^^ and the Mn^+ ion shows a distinct preference for 
(95)the same site in the olivine structure, then the two doublets may 
be assigned for the calcium and manganese iron-olivines. The outer 
doublet arises from the ferrous ion in the M(2) site, while the inner 
doublet is assigned to the ferrous ion in the M(l) site. The peak positions 
in the spectra corresponding to the magnesium and manganese iron-ol1 vines 
are similar, as can be seen by comparing the spectra presented in Figures 
5.5 and 5.6. Thus the two doublets in the spectrum of magnesium iron- 
olivines at 725K can also be assigned in the same way as for the 
manganese iron-olivines. The possibility that a crossing-over of the 
peak positions occurs at temperatures below 500K was suggested by Virgo 
and Hafner^"^ . No such cross-over of peak positions was observed in 
the spectrum at any temperature below 900K, for either the synthetic 
fayalite (Table 5.2) or the natural olivine sample (Table 5.5) investigated 
in this work. Thus the inner doublet is assigned to the M(l) site and 
the outer doublet to the M(2) site for all temperatures less than 900K 
and probably the same assignment is correct to considerably higher 
temperatures.
A precise determination of ordering in olivines by Mössbauer 
spectroscopy requires a knowledge of the recoil-free fraction, f, at 
both sites. The four unconstrained single line fits to fayalite at 
621K and 718K (Table 5.3) indicate that the area under the upper two 
peaks is equal to the area under the lower two peaks, at least to within 
the experimental error of 3%. The same is true for the area ratio of the 
two upper peaks. No anisotropy in the recoil-free fraction was observed 
in the powdered spectrum for either site. There is no indication from 
previous s t u d i e s t h a t  there is any anisotropy in recoil-free fractions 
or that they are significantly different at non-equivalent octahedral 
sites in crystal structures of any ferro magnesium-silicates. Therefore,
1 1 0 .
it is assumed that the spectrum arising from the ferrous ion in the two 
octahedrally coordinated sites of olivine may be fitted as two doublets 
when considering randomly oriented powdered absorbers. The area ratios 
resulting from a two-doublet fit to the spectrum of fayalite between 
621K and 85 3K (Table 5.2) do show a slight but systematic trend. At 
the highest temperatures the outer doublet has approximately 5% greater 
area than the inner doublet. This is consistent with a more rapid 
reduction in the recoil-free fraction of the M(l) site compared to that 
of M(2) , due to its more rapid expansion rate at high t e m p e r a t u r e s .
On the other hand, there may be systematic errors associated with the 
fitting procedure that are not reflected in the computed errors.
Variations in solid angle of 10% over the temperature range were common.
These are estimated to produce changes in area ratio of less than 0.5%.
No systematic change in the linewidths was observed which could account 
for the relative change in area of the two doublets. In fact, the width 
of the inner doublet was found to be consistently wider than the outer 
doublet by approximately 3%. This also indicates that the ratio measured 
at 823K (Table 5.2) of 1.06 may be about 3% too high, as the fitted 
linewidths are practically identical. There are not sufficient data 
points from fayalite alone to suggest that the above-mentioned trend is 
significant, but a similar variation is observed in the natural olivine 
over the temperature range 621K to 903K (Table 5.5). The linewidth ratios 
of the two doublets are again remarkably constant with the outer doublet 
widths a little less than 2% greater than that of the inner doublet. It 
would appear then that the trend in the measured area ratios of the two 
doublets is real and is associated with a greater reduction in the recoil- 
free fraction at the M(l) site, compared with the M(2) site, with increasing 
temperature. The relative change in the area ratio of the two doublets 
in the spectrum of the natural olivine sample is of the order of a few
111 .
percent over the temperature range 600-900K.
In all previous Mössbauer studies involving order-disorder 
relationships in the intermediate olivines it has been assumed that the 
recoil-free fractions are identical at both sites. To test this assumption 
the spectrum of a calcium iron olivine, containing 10 mole % Ca2Si0 1(, was 
recorded at 725K. The fitted area ratio for the outer to inner doublet, 
from Table 5.4, is 0.79±0.04. This is in good agreement with the value 
of 0.8 expected with the calcium completely ordered in the M(2) site.
The relative f values in the intermediate olivines containing ions other 
than calcium cannot be determined from the Mössbauer data alone as the 
degree of ordering is not known precisely. A comparison between X-ray 
and Mössbauer techniques would be useful in this regard. Previous 
comparisons of ordering determined using both methods are in good agree­
ment^"^ indicating that the relative f factors for both sites are 
similar.
Table 5.4 lists the area ratios found in the synthetic magnesium- 
iron, manganese-iron olivines. In all cases the inner doublet was found
to have the larger area. A distribution coefficient for the reaction
Fe2+(2) + M2 + (l) -  M2 + (2) + Fe2+(1) is defined as K = Ü J?l:.Fg. -H I
2+ 2+ 2+ M2+(l).Fe2+(2)
where M is Mg or Mn Values of are listed in Table 5.10.
The values of at high iron concentrations are very sensitive to small
changes in area ratio. For example, the value of 13.9 is reduced by
a factor of five with a 4% increase in area ratio for the (Mg Fe ) SiO
sample. For low iron concentrations the value is accurate to within
10% and indicates that the ferrous ion preferentially occupies the M(l)
site in these synthetic olivines.
(95 112)Previous investigations of the manganese olivines ’ have
shown that the Mn^+ ion favours the larger M(2) site and in the Mg2Si04 
structure the Mn^+ ion occupies only the M(2) s i t e ^ ^ The present study
112.
Table 5.10.
Sample kd
(Mg Fe ) SiO
0 - 1  0 . 9 2  4
13.9
(Mg Fe ) SiO
0 . 2 5  0 . 7 5 2  4
2.14
(Mg Fe ) SiO
0 - 5 0 - 5 2  4
1.49
(Mg ,Fe ) SiO
0 - 7 5  0 . 2 5 2  4
1.30
(Mg Fe ) SiO
0 - 8 5  0 * 1 5 2  4
1.42
(Mn Fe ) SiO
0 - 1  0 . 9 2  4
00 (Completely ordered)
(Mn Fe ) SiO
0 - 2 5  0 - 7 5 2  4
11.7
(Mn Fe ) SiO
0 - 5 0 * 5 2  4
13.7
(Mn Fe ) SiO
0 - 7 5  0 * 2 5 2  4
7.0
(Mn Fe ) SiO
0 - 9  0 * 1 2  4
2.45
indicates that the Mn^+ ion is also completely ordered into the M(2) site 
in the Fe2SiOH structure and that the ferrous ion preferentially occupies 
the M(l) site even in the larger Mn2Si04 structure. The observed site 
preferences of the intermediate manganiferous olivines are essentially 
in agreement with those calculated from the compositional trends in the 
vibrational spectra of olivines of similar composition by Huggins .
Recently, site occupancies have been reported for the synthetic 
magnesium olivines by Shinno^"^ . These are in good agreement with 
those determined in this work. The values of several Mg-rich natural 
olivines, as reported by Wenk and Raymond^^^, were generally in the 
range 1.0 - 1.2. However, there were two exceptions which appear to be 
associated with the conditions of formation. A relatively low value 
of 0.97 was recorded for a recrystallized metamorphic olivine and
113 .
a Kp value of 1.4 was reported for an olivine from a chilled dolerite.
The area ratios of the two doublets determined from the
spectrum of the powdered single crystal of the natural Mg-rich sample
ha
0L1 (Table 5.5) were con-sist^fttLy higher than those found in synthetic 
fayalite by approximately 4%. Assuming the recoil-free fractions at both 
the M(l) and M(2) sites were the same as those in fayalite, a value 
of 0.96 was calculated. This is in good agreement with the value determined 
from the X-ray investigation of Wenk and R a y m o n d f o r  their recry­
stallized metamorphic olivine of similar composition. The slight preference 
of the ferrous ion for the M(2) site in both these olivines, and the 
relatively larger preference found for the M(l) site in the synthetic 
samples suggest that the thermal history of the individual minerals may 
be important in determining the degree of Fe/Mg order occurring. The 
values reported here for the synthetic magnesium-iron olivines are higher 
than observed in the natural minerals whose cooling rate is considerably 
slower than that of the rapidly quenched synthetic samples. The large 
value of Kp = 1.4 reported for an olivine from a chilled dolerite 
is probably indicative of a relatively rapid cooling rate.
The result of this investigation agrees with the conclusion 
of Wenk and Raymond^^'* that olivines which crystallize at high temperatures 
(~1,500K) generally have more iron in the M(l) site than in the M(2) site. 
They also suggest that in the metamorphic forsterites, crystallizing 
at 800-1,000K,order is very small and, if existent, the ferrous ion may 
be enriched on the M(2) site. If this conclusion is valid, then it would 
indicate that the large single crystal, 0L1, used in this work had 
crystallized at relatively low temperatures.
5.6.2. A Single Crystal Orientation Study
An investigation of the single crystal of olivine, 0L1, was 
undertaken to obtain information on the EFG principal axes at both the
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M(l) and M(2) sites in the olivine structure and enabled a check of the 
previous peak assignments to be made. A previous single crystal study 
by Duncan and Johnstone‘S  was carried out at room temperature and no 
assignment of the two doublets could be made. They concluded that the 
EFG principal axes lie along the bond directions in both sites. This 
conclusion was not reached in the present work. The chief problem when 
working at room temperature is that only one area ratio is measured. This 
is related to the individual ratio from each site, but as shown below, 
is not the average of the two ratios as assumed by Duncan § Johnston^*
Also an overestimation in one ratio may be compensated for by an under­
estimation in the other with very little change in the 'averaged' ratio 
observed at room temperature. Apart from the mathematical error in 
averaging the ratios, another source of error is the neglect of the 
small degree of order of iron between the two sites.
For ideally thin absorbers with an isotropic recoil-free fraction 
the area ratio of the two quadrupole peaks is given by equation (2-40)
4[(3+n2)/3] 2 + [ 3cos2a - 1 + nsinzacos23 J 
4[ (3+n2)/3] ^  - [3cos2a - 1 + psin2otcos23 ]
(5-1)
where a and 3 are the polar and azimuthal angles of the y-ray with respect 
to the principal axes of EFG. It is more convenient to relate the y-ray 
direction to the crystallographic axes. The two sets of axes systems
are related by the following^S
cosa = sin0cos<f)(a. z) + sin0sincj)(B. z) + C O S 0 ( c .z) (5-2a)
sinacos3 = sin0cos(f)(a .x)
A /\+ sin0sin(j)(b .x)
A.
+ C O S 0 ( c .x) (5-2b)
sinasin3 = A Asin0coscj)(a.y) A A+ sin0sinc{)(b .y)
A+ cos0(c.y) (5-2c)
/N /Swhere (a.z) .... are the direction cosines of the angle between the
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crystallographic axes and the corresponding axes of the EFG. 0 is 
the angle between the y-ray and the c axis and $ its angle in the ab plane 
measured from the a axis. Using equations (5-1) and (5-2) area ratios 
are easily obtained for each orientation of the particular site under 
consideration. Within the unit cell there are four different orientations 
possible for each of the M(l) and M(2) octahedra as described in 
section 5.4. Summing over the four M(2) sites gives
L 4[(3+n2)/3]^ - [3K-l-nK*]
where K = sin20 [cos2(|)Z 2+ sin24>Z, 2] + cos20 Z 2a b c
K 1 = sin20 [c o s 24>(X 2- Y 2) + sin2(J)(X, 2- Y, 2)] + cos20(X 2- Y z)r a a YV,b b * K c c
Summing over the four M(l) sites results in an identical expression for 
the area ratio, R^, of the two peaks. Thus the EFG directions for both 
sites are not determined uniquely and their allocation to a particular 
site is made on the premise that they be consistent with the site symmetry.
The relevant area ratios to be fitted are easily calculated 
from the three line fit parameters which for the single crystal at 793K 
are listed in Table 5.7. Using the relationship
where k is taken to be 1.04 for this particular crystal, it follows that
4 l(3+n2)/3] ** + [3K-1-T1K1]
(S-3)
and z.a .. is abbreviated to Za
(AL + V  = k(BL + Bh) (5-4)
A jj (k  + l ) ^
(5-5)
AL ' k(W BH)-AH
BH (k+1)Br
BL CAL+BL+AH 5"kBH
and (5-6)
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The resultant area ratios are listed in Table 5.11.
Table 5.11.
Angle 3° 7° 13° 17° 23°
A 0.06 1.867 1.883 1.752 1.776 1.648
L
bhJi + 
bl '
0.06 0.647 0.671 0.764 0.712 0.724
V bh + 
V bl '
0.03 1.103 1.127 1.159 1.127 1.097
Experimental ratios are plotted in Figure 5.14, together with the "best" 
fits. The corresponding r\ and direction cosines of the EFG principal 
axes relative to the a, b and c crystallographic axes are listed in 
Table 5.12. Average ratios were calculated from the individual Rj and
using expression (5-4) and is
Table 5.12.
R - Af,+ BH -
(k+l)R1R2+ kRz+ R l
AV Al+Bl (k+1) + kRj + R2
V ~ (0.55, 0.26, 0 .79)
MCI)
n, = o . i i o . i
zz
V ~ (-0.65, 0.73,XX 0.21)
V ~ (-0.52, -0.63,yy 0.57)
M(2)
=
yy
(0.52, 0.85, 0) 
(-0.85, 0.52, 0 
(0 , 0 , 1)
(5-7)
0.7±0.1
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The parameters show a certain amount of mutual dependence 
and it was possible to find "best" fits for a range of values in these 
parameters. It is considered that the above direction cosines given in 
Table 5.12 are accurate to within 10° of the corresponding EFG principal 
axis direction.
The direction cosines listed here for the M(2) site are in
good agreement with those quoted for the site symmetry axes in section 5.4.
In this axes system V is along Y, V along Z and V is perpendicular!z z xx yy
to the ab crystallographic plane and corresponds to X. This is consistent
/ J 1with a d ground state or more strictly -y- d 2- r d 2 2 in this system,zx z z z x —y
If the mixing of the ground state is small, the magnitude and directions 
of tne minor elements of the EFG above room temperature are determined 
by the next highest excited state. V , the minor element of EFG, isXX
directed along Z and indicates that the next highest level is d . The
5remaining and upper level of the T^ manifold is then d . in terms of the
x, y and z coordinate axes of the coordination octahedron, these are in
ascending order, d , (d - d ) and ~  (d + d ) . These arexy /2 zx yz Ji yz zx
in agreement with those determined from the optical polarization studies 
of Runciman et^  al (57>97) _
For the M(l) site the V ^  lies along the axis, within 8° 
of the 0(2) - M(l) - 0(2) bond direction and corresponds to a predominently 
d ground state wavefunction. is directed along the Z^ axis which
is also within 8° of the 0(3) - M(l) - 0(3) bond direction. The remaining 
EFG element V lies along and is within 15° of the 0(1) - M(l) - 0(1)
direction. Since the site symmetry is lower than the ground state 
wavefunction will contain admixtures of all the octahedral basis functions. 
At temperatures near OK these will determine the direction of the minor 
elements of the EFG. It will be shown in the following section that the 
asymmetry parameter corresponding to the M(l) site is approximately 0.7
119.
at 4.2K for fayalite. A similar value would be expected for olivine.
Since V ^  is still directed close to the short 0(2) - M(l) - 0(2) bond 
direction, as would be expected at much lower temperatures, there has 
been no major change in the orientation of the EFG principal axes with 
increasing temperatures. Thus the relatively small value of p 1 = 0.1 
found from the single crystal study at 793K would seem to reflect a 
reduction from a larger ri1 value at OK. . This requires that the first 
excited state has its EFG principal axes directed along V . This 
corresponds to d * The remaining and upper level of the T_ manifold 
is dxy
With the above assignment of EFG directions to both sites the 
identification of both doublets in the Müssbauer spectrum of the powdered 
absorber is possible. The outer doublet results from iron in the M(2) 
site and the inner doublet from the more distorted M(l) site. This is 
in agreement with the earlier allocation based on a comparison of the 
compositional trends in the manganese and magnesium iron-olivines.
5.6.3. Paramagnetic Temperature Dependence
The relative energy separation of the orbital states within the 
T^ manifold were estimated by fitting the temperature dependence of the 
quadrupole splitting AQ. Figure 5.15 is a plot of AQ and <5 for both the 
M(l) and M(2) doublets over the temperature range 4.2 to 793K for the 
natural sample 0L1. The solid line fits to the experimentally determined 
quadrupole splittings were calculated using a Hamiltonian of the following 
form,
?C = B°(3z2-r2) + B2(x2-y2) + AL.S (5-8)
operating within the T^ manifold. Mixing with the 5E states, located 
some 9,000 cm * above the ground state, was ignored. Eigenvalues and 
eigenvectors were determined by solution of the 15x15 matrix. EFG components
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Fig .  5 .1 5 .  V a r i a t i o n  in  quadrupole  s p l i t t i n g  and isomer s h i f t  w i th
te m pera tu re  f o r  the  Fe^+ ion  on the  M(l) and M(2) s i t e s  in  o l i v i n e .
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were calculated for each eigenvector. The resultant values obtained by
a Boltzmann distribution over all the 15 energy levels, after diagonalization,
*
yielded the three principal elements of the EFG . Values of the quadrupole
moment Q and Sternheimer shielding factor R were fixed at 0.21b and 0.32
0 2respectively. The only four variables required in the fitting are B2, B2,
X and an effective value of <  r 3 Initial fitting indicated that
the computed values of AQ at relatively low temperatures were insensitive
to variations in the energy of the upper orbital state when it was above
approximately 1000 cm *. At higher temperatures, of course, the effect
of this level was more apparent, but a lack of knowledge of the 'lattice
contribution' makes a reliable estimate of its position impossible. Thus
its position was fixed at the value suggested from investigation of the 
(97 991optical spectra * J . There appropriate energies are approximately 
1750 cm  ^ and 1650 cm * for the M(l) and M(2) sites respectively. The 
fitted parameters are included in Table 5.13 together with the average 
energy separations, A x and , of the first and second excited orbital
states above the ground state.
Table 5.13.
Sample Site
0
b 2
(cm-1)
2
b 2
(cm"1]
X
(cm-1)
< r - 3>Q
(a.u.)
Ai
(cm-1)
A2 fixed 
(cm-1)
Olivine M(D 160±8 -85±5 75110 4.0310.1 550150 1750
(0L1) M(2) -27±5 26518 80110 4.3510.1 580150 1650
Fayalite
(synthetic)
M(D 160±10 -8518 75115 3.7 10.2 550180 1750
M(2) -8±5 26518 80115 3.9010.2 750180 1650
* The computer programme was supplied by Dr. D. Price.
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The t a i l i n g - o f f  o f  the  f i t t e d  curve from th e  ex p e r im en ta l  
p o i n t s  a t  h i g h e r  t e m p e ra tu re s  would be expec ted  i f  th e  l a t t i c e  c o n t r i b u t i o n  
to  t h e  quadrupole  s p l i t t i n g  i s  o p p o s i t e l y  d i r e c t e d  to  t h e  va lence  c o n t r i ­
b u t i o n .  I t  was found t h a t  e q u a l l y  good f i t s  could  be o b ta in e d  by simply 
r e a r r a n g i n g  th e  o r d e r  o f  th e  o r b i t a l  s t a t e s  w hile  m a in t a i n in g  the  same 
energy  s e p a r a t i o n s .  Thus th e  ass ignment o f  l e v e l s  g iven p r e v i o u s l y  in  
s e c t i o n  5 . 6 . 2  cou ld  n o t  be v e r i f i e d  from th e  te m pera tu re  dependence o f  the 
quadrupo le  s p l i t t i n g s .
1971Although Runciman e t  a l  were unab le  to  l o c a t e  th e  f i r s t  
e x c i t e d  o r b i t a l  s t a t e  o f  the  ^T^ l e v e l s  o f  th e  f e r r o u s  ion  in  th e  M(2) s i t e  
o f  o l i v i n e ,  they  concluded  from the  te m p era tu re  dependence o f  th e  o p t i c a l  
spec t rum  t h a t  i t  was u n l i k e l y  to  be l e s s  than  300 cm  ^ above the  ground 
s t a t e .  The va lue  o f  580±50 cm  ^ de te rm ined  in  the  p r e s e n t  work s u p p o r t s  
t h i s  c o n c l u s i o n .
A s i m i l a r  p rocedure  was a p p l i e d  in  f i t t i n g  the  t e m pera tu re  
dependence o f  AQ f o r  f a y a l i t e .  F igure  5 .16 shows the  te m pera tu re  dependence 
o f  AQ over  the  range  79 to  793K t o g e t h e r  w i th  the  'b e s t*  f i t s .  The f i t t e d  
p a r a m e t e r s ,  f o r  f a y a l i t e  shown in  Table 5 .1 3 ,  a re  no t  as a c c u r a t e l y  d e t e r ­
mined as th o s e  f o r  o l i v i n e .  The p r i n c i p a l  r ea son  i s  the  r e l a t i v e l y  l a rg e  
e r r o r  i n  d e t e rm in in g  th e  e x p e r im e n ta l  v a lu e s  o f  th e  quadrupole  s p l i t t i n g  
a t  t e m p e ra t u r e s  below 295K. At th e s e  t e m p e ra tu r e s  the  c l o s e l y  o v e r l a p p in g  
peaks  were d i f f i c u l t  to  r e s o l v e  and th e  f i t t i n g  p rocedure  r e q u i r e d  t h a t  
c o n s t r a i n t s  be p l a c e d  on bo th  the  l i n e w id th  and r e l a t i v e  a r e a  r a t i o  o f  each 
d o u b l e t .  Thus the  computed e r r o r s  a re  n o t  r e l i a b l e  and e r r o r s  in  the  
quadrupo le  s p l i t t i n g  may be as l a r g e  as 0 .05 mm/sec.
The energy  s e p a r a t i o n  between the  ground and f i r s t  e x c i t e d  
o r b i t a l  s t a t e  o f  the  ^T^ l e v e l s  o f  the  f e r r o u s  ion  in  the  M(2) s i t e  o f  
f a y a l i t e  i s  750180 cm  ^ and i s  s i g n i f i c a n t l y  h i g h e r  than  the  co r respond ing  
va lue  o f  580150 cm  ^ found in  o l i v i n e .  This  may be a d i r e c t  r e s u l t  o f  the
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Fig.  5 .16.  V ar ia t ion  in quadrupole s p l i t t i n g  and isomer s h i f t  with
2+temperature  fo r  the Fe ion on the M(l) and M(2) s i t e s  in f a y a l i t e .
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r e d u c t i o n  in  th e  B2 p a ra m e te r ,  as i n d i c a t e d  in  Table 5 .1 3 ,  bu t  s i n c e  the
p o s i t i o n  o f  the  second e x c i t e d  o r b i t a l  s t a t e  i s  n o t  known p r e c i s e l y  i t  i s
p o s s i b l e  t h a t  the  i n c r e a s e d  energy s e p a r a t i o n  i s  due to  an i n c r e a s e  in 
2
the  B2 p a ra m e te r  f o r  the  M(2) s i t e  in  f a y a l i t e .  F u r th e r  o p t i c a l  s t u d i e s ,  
in  the  i n f r a r e d ,  on f a y a l i t e  o r  th e  i n t e r m e d i a t e  i r o n - o l i v i n e s  may r e s o lv e  
t h i s  am bigu i ty .
A comparison between th e  f i t t e d  p a ram e te r s  f o r  o l i v i n e  and 
f a y a l i t e  i n d i c a t e  t h a t  th e  va lues  o f  <  r  3 >q a re  s m a l l e r  in  f a y a l i t e  than 
in  o l i v i n e .  Assuming s i m i l a r  l a t t i c e  c o n t r i b u t i o n s  to  the  EFG a t  c o r r e s ­
ponding s i t e s ,  the  l a r g e r  r a d i a l  expans ion  o f  th e  3d o r b i t a l s  observed  in 
f a y a l i t e  im p l ie s  a h i g h e r  degree  o f  covalency  in  f a y a l i t e  compared with  
o l i v i n e .  This  i s  c o n s i s t e n t  w i th  the  isomer  s h i f t  va lue  f o r  f a y a l i t e  
be ing  s m a l l e r  tha n  t h a t  in  o l i v i n e .  The above argument may be a p p l i e d  
when comparing th e  two s i t e s  w i th in  the same s t r u c t u r e  and s u g g e s t s  t h a t  
the f e r r o u s  ion  has  a h i g h e r  degree  o f  covalency  in  the  s m a l l e r ,  more 
d i s t o r t e d  M(l) s i t e  than in  the  M(2) s i t e .
5 . 6 . 4 .  Neutron D i f f r a c t i o n  Models
The s p in  s t r u c t u r e s  o f  th e  two pure  end members, Fe2S i04 and
(96) (21)Mn2SiÜ4 have been i n v e s t i g a t e d  by Cox et^ a l  and S an toro  e t  a l  u s ing  
n eu t ro n  d i f f r a c t i o n  t e c h n i q u e s .  The sp in  d i r e c t i o n  c o s in e s  d e s c r i b i n g  
the  magnet ic  s t r u c t u r e  o f  t h e s e  two o r t h o s i l i c a t e s ,  taken  from Santo ro  
e t  a l ^ ^  a re  shown in  Table  5 .14 .
( 2 1 )According to  San to ro  e t  a l  , the  o r d e r in g  sequence in  Fe2SiÜ4 
c o n s i s t s  o f  a p a r a m a g n e t i c - c o l l i n e a r  a n t i  f e r ro m a g n e t i c  t r a n s i t i o n  a t  65±2K 
fo llowed  by a c o l l i n e a r - c a n t e d  a n t i  f e r ro m a g n e t i c  t r a n s i t i o n  n e a r  23K. The 
manganese o r t h o s i l i c a t e  was expec ted  t o  undergo s i m i l a r  t r a n s i t i o n s .  The 
N^el p o i n t  was found to  be 50±5K and th e  c o l l i n e a r - c a n t e d  a n t i f e r r o m a g n e t i c  
t r a n s i t i o n  was though t  t o  be c l o s e  to  13K, a l though  no ev id en ce ,  o t h e r  
than the  minima in  t h e i r  r e c i p r o c a l  s u s c e p t i b i l i t y  v e r s u s  te m p era tu re  curve
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Table 5.14. Spin direction cosines describing the magnetic structure of
(21)iron and manganese orthosilicates (from Santoro et al ).
Spin Atomic coords. Fe2SiOi4* (58K)
No. X Y Z X Y Z
1 0 0 0 0 0 1
2 0 0 H 0 0 1
3 h h 0 0 0 -1
4 \ h h 0 0 -1
5 0.965 0.280 h 0 0 1
6 0.035 - 0.720 0 0 1
7 0.487 0.220 0 0 -1
8 0.513 0.780 h 0 0 -1
Spin Fe 2SiOi4* (4K) Mn2Si04* (4K)
No. X Y z X Y z
1 0.5 0.5 0.7 0.7 0.7 0
2 -0.5 -0.5 0.7 -0.7 0.7 0
3 -0.5 0.5 -0.7 i o -0.7 0
4 0.5 -0.5 -0.7 0.7 i o 0
5 0 0 1 0 1 0
6 0 0 1 0 1 0
7 0 0 -1 0 -1 0
8 0 0 -1 0 -1 0
Spin Fe2Si04** (4K) Mn2Si04** (4K)
No. X Y Z X Y z
1 0.5 0.3 0.8 0 0.7 0.7
2 -0.5 -0.3 0.8 0 0.7 1 o
3 0.5 -0.3 ooo1 0 -0.7 i o
4 -0.5 0.3 ooo1 0 i o -0.7
5 0 0 1 0 1 0
6 0 0 1 0 1 0
7 0 0 -1 0 -1 0
8 0 0 -1 0 -1 0
* Model proposed by Santoro et al
** Model proposed by Cox et_ aTT^^T
( 21)
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was a v a i l a b l e .
The two models which have been proposed  f o r  the  sp in  s t r u c t u r e
o f  Mii2S i04 a t  4K a re  in  agreement f o r  the  s p in  d i r e c t i o n s  o f  the  Mn^
ion  in  th e  M(2) s i t e ;  th e  sp in  d i r e c t i o n  l i e s  a long  the c r y s t a l l o g r a p h i c
b a x i s .  However, the  models d i f f e r  on th e  o r i e n t a t i o n  o f  th e  s p in  a t
the M(l) s i t e .  In the  model o f  Cox e t  a l ^ ^  the  sp in  has equa l  components
( 21 )in  the  c r y s t a l l o g r a p h i c  b and c d i r e c t i o n s  while  in  t h a t  o f  San toro  et_ al_
the  sp in  has  equa l  components in the  c r y s t a l l o g r a p h i c  a and b d i r e c t i o n s .
In the  two models proposed  f o r  Fe2S i04 a t  4K the  m i r r o r  s i t e  s p in s  a re
c o l l i n e a r  w i th  the  c r y s t a l l o g r a p h i c  c a x i s  and th e  c a n ted  s p in s  a t  the
i n v e r s i o n  s i t e  have components a long  a l l  t h r e e  c r y s t a l l o g r a p h i c  axes (see
Table 5 . 1 4 ) .  The two models p roposed  f o r  Fe2S i04 give e s s e n t i a l l y  the
( 21 )same agreement w i th  the  observed  n eu t ro n  d i f f r a c t i o n  d a t a  , as do the
two models su g g e s te d  f o r  Mn2S i04. An im p o r ta n t  d i s t i n c t i o n ,  which w i l l  be
d i s c u s s e d  below, between the  p roposed  models o f  Cox et_ a l  and San to ro
e t  a l ^ ^  i s  t h a t  th e  models p roposed  by Cox et_ a l  a re  i n v a r i a n t  under
sp in  r e v e r s a l  w i th  th e  symmetry o p e r a t i o n s  o f  th e  space group Pnma> while
( 21 )the  models o f  San to ro  e t  a l  a re  n o t  c o n s i s t e n t  w i th  the symmetry 
o p e r a t i o n s  o f  t h e  group.
5 . 6 . 5 .  M a g n e t i c a l ly  Ordered S p e c t r a  - F a y a l i t e
Mössbauer s p e c t r a  f o r  f a y a l i t e  have been p r e s e n t e d  by Kundig
(17)e t  a l  between 9 and 66K. At 9K only  e i g h t  peaks  were observed  and 
th e se  were s u b s e q u e n t ly  shown to  r e s u l t  from the  o v e r la p  o f  two d i s t i n c t  
m a g n e t i c a l l y - s p l i t  e i g h t  l i n e  s p e c t r a .  The magnitude and o r i e n t a t i o n  o f  
the  h y p e r f in e  f i e l d ,  w i th  r e s p e c t  t o  the  EFG p r i n c i p a l  axes ,  was found to  
be d i f f e r e n t  a t  bo th  s i t e s .  No d i s t i n c t i o n  was found between the  isomer 
s h i f t  and asymmetry p a ra m e te r  f o r  e i t h e r  s i t e  and th e  r e p o r t e d  quadrupole  
s p l i t t i n g s  a re  e s s e n t i a l l y  the  same. Fur therm ore ,  in  d isag reem en t  with
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the  proposed  change o f  sp in  d i r e c t i o n  used t o  e x p l a in  the n e u t ro n  d i f f r a c t i o n
(21)d a t a  , no d i f f e r e n c e s  could  be d e t e c t e d  in  the  o r i e n t a t i o n  o f  the  h y p e r f in e
f i e l d  a t  e i t h e r  s i t e ,  over  the  t e m pera tu re  range  s t u d i e d .  I t  i s  co n s id e re d
( 21)t h a t  a c r i t i c i s m  o f  the  s p in  model p roposed  by San to ro  e t  a l  based  on
( 17)the  i n t e r p r e t a t i o n  o f  the  Mössbauer s p e c t r a  p r e s e n t e d  by Kundig et_ al_ i s  
n o t  j u s t i f i e d .  T h e i r  s p e c t r a  a re  no t  w e l l  r e s o l v e d  and r e s u l t  in  r e l a t i v e l y  
l a rg e  e r r o r s  in  the  f i n a l  f i t t e d  p a r a m e te r s .  The ranges  in  q ,  0 and 0 
which a re  a s s o c i a t e d  wi th  f i t t i n g  powdered s p e c t r a  and give r i s e  to  an
( 17)u n c e r t a i n t y  in  th e  o r i e n t a t i o n  o f  the  h y p e r f in e  f i e l d ,  were n o t  r e p o r t e d
Also,  the  assumption  o f  a c o l l i n e a r  s p in  c o n f i g u r a t i o n  a t  the  m i r r o r  s i t e
M(2) and th e  re q u i re m e n t  t h a t  one o f  th e  EFG p r i n c i p a l  axes be p e r p e n d i c u l a r
to  the  m i r r o r  p la ne  lead  them t o  a s s ig n  th e  i n n e r  spec trum,  co r re sp o n d in g
to  th e  s m a l l e r  h y p e r f i n e  f i e l d ,  to  the  f e r r o u s  ion  in  the  M(2) s i t e .  This
ass ignment i s  n o t  c o n s i s t e n t  with  t h a t  p roposed  in  th e  p r e s e n t  work.
The h y p e r f in e  f i e l d  c o r re s p o n d in g  to  th e  i n n e r  spec trum B l i e s
w i th in  a few degrees  o f  (see  Table 5 . 9 ,  p . 107) and i f  a s s ig n e d  to  the
M(2) s i t e  would imply t h a t  V ^  i s  p e r p e n d i c u l a r  to  th e  m i r r o r  p l a n e ,  s in c e
both  the  n e u t ro n  d i f f r a c t i o n  m ode ls (21,06)  SUgge s ^ t h a t  the  s p in  i s  in
t h i s  d i r e c t i o n .  This  i s  n o t  c o n s i s t e n t  w i th  the  d i r e c t i o n s  found f o r  the
EFG p r i n c i p a l  axes in  the  s i n g l e  c r y s t a l  s t u d i e s  o f  o l i v i n e  (p .116)  and
su g g es t s  t h a t  t h i s  as s ignment  i s  i n c o r r e c t .
The s p e c t r a  p r e s e n t e d  f o r  f a y a l i t e ,  F igures  5.12 and 5 .1 3 ,  a re
(17)b e t t e r  r e s o l v e d  than  those  shown by Kundig et_ a l  . The o u t e r  spec trum A
i s  c h a r a c t e r i z e d  by a h y p e r f in e  f i e l d  o f  323±4 kOe compared with  116±5 kOe
f o r  the  i n n e r  spec t rum B. These v a lues  a re  in  agreement w i th  those  r e p o r t e d
by Kundig e t  a l v . The p r e s e n t  va lue  o f  ~ 0 .7  i s  c o n s id e r a b ly  h ig h e r
(17)th an  the  p r e v i o u s l y  r e p o r t e d  va lue  , rig = 0 . 2 ,  b u t  i s  though t  to  be more
r e l i a b l e  because  o f  b e t t e r  r e s o l u t i o n  o f  th e  two s u b - s p e c t r a  in  the  p r e s e n t
work.
I t  was a l s o  p o s s i b l e  to  d i s t i n g u i s h  between the  two s i t e s  on 
the  grounds o f  th e  quadrupole  s p l i t t i n g  and isomer s h i f t  v a l u e s .  Above 
room te m pera tu re  the  M(2) s i t e ,  which g ives  the  d o u b le t  w i th  th e  l a r g e r  
quadrupole  s p l i t t i n g ,  has  the  l a r g e r  isomer  s h i f t .  A p l o t  o f  isomer  s h i f t  
a g a i n s t  t e m pera tu re  f o r  bo th  s i t e s ,  F igure  5 .1 6 ,  i n d i c a t e s  t h a t  t h e r e  i s  
a c r o s s - o v e r  in  isomer s h i f t  va lues  around 200K. Thus the o u t e r  spec trum A 
which has th e  l a r g e r  quadrupole  s p l i t t i n g  and s m a l l e r  isomer s h i f t  i s  
a s s ig n e d  t o  the  f e r r o u s  ion  in  the M(2) s i t e .
The .ranges in  q^ ,  9^ and f o r  th e  M(2) s i t e  over  the  tem pera tu re  
range  s t u d i e d  were r e l a t i v e l y  c o n s t a n t  (Table 5 . 9 ) ;  g e n e r a l l y  q ^ ,  0^ and 
(f)^  l ay  in  th e  range 0 .2  ->■ 1, 73° -> 85° and 90° -> 50° r e s p e c t i v e l y .  The 
p o s s i b l e  range  o f  o r i e n t a t i o n s  o f  the  h y p e r f in e  f i e l d ,  w ith  r e s p e c t  to  the  
EFG p r i n c i p a l  ax es ,  can be somewhat reduced  p rov ided  a more a c c u ra t e  
e s t i m a t e  o f  q^  can be made.
In de t e rm in in g  th e  d i r e c t i o n s  o f  the  EFG p r i n c i p a l  axes in  
the  s i n g l e  c r y s t a l  o f  o l i v i n e  a t  793K a va lue  o f  q^  = 0.7±0-|was found to  
give th e  b e s t  f i t .  A va lue  o f  q^ = 0 .6  was c a l c u l a t e d  u s in g  th e  pa ram ete rs  
de te rmined  from the  te m p era tu re  dependence o f  th e  quadrupole  s p l i t t i n g  
(Table 5 . 1 3 ) .  The d i f f e r e n c e  between th e  c a l c u l a t e d  va lue  and the  va lue  
de te rmined  e x p e r i m e n t a l l y  may be as l a rg e  as 0 . 2 .  This  i s  n o t  e n t i r e l y  
unexpec ted  as the  degree  o f  mixing o f  h i g h e r  o r b i t a l  l e v e l s  i n t o  the  ground 
s t a t e  has been u n d e r e s t i m a t e d .  In the  c a l c u l a t i o n  ex a c t  orthorhombic  
symmetry was assumed and mixing between th e  ground s t a t e  and th e  upper ^E 
s t a t e s  was i g n o re d .  A s i m i l a r  c a l c u l a t i o n  f o r  the  f e r r o u s  ion  in  the  M(2) 
s i t e  in  f a y a l i t e  r e s u l t s  in  an asymmetry p a ra m e te r  which i s  c lo se  to  zero 
a t  4K. Assuming a s i m i l a r  i n c r e a s e  between the  c a l c u l a t e d  and e x p e r i m e n t a l l y  
observed  v a l u e s ,  as found f o r  th e  o l i v i n e ,  th e  va lue  in f a y a l i t e  would be 
c lo se  to  th e  lower l i m i t  o f  q^ = 0 . 2 .  A check on t h i s  va lue  would r e q u i r e  
a s i n g l e  c r y s t a l  o f  f a y a l i t e .  U n f o r t u n a t e l y ,  a s u i t a b l e  specimen was no t
1 2 8 .
a v a i l a b l e .
129 .
A comparison o f  the  h y p e r f in e  f i e l d  d i r e c t i o n  wi th  the  sp in  
d i r e c t i o n s  o f  th e  f e r r o u s  ion  in  the  M(2) s i t e  proposed  by the  two neu t ron  
d i f f r a c t i o n  models (21,96) g^ves b e t t e r  agreement w i th  the  lower l i m i t  o f  
p^ than  f o r  v a lues  o f  p^ c l o s e  t o  the  upper  l i m i t  o f  u n i t y .  With p^ = 0 .2  
the  h y p e r f in e  f i e l d  l i e s  w i th in  17° o f  the  c r y s t a l l o g r a p h i c  c a x i s ,  assuming 
o f  course  t h a t  the  o r i e n t a t i o n  o f  the  EFG p r i n c i p a l  axes i s  e s s e n t i a l l y  
the  same in  f a y a l i t e  as t h a t  found f o r  o l i v i n e .  For a va lue  o f  p^  c lose  
t o  u n i t y  the  h y p e r f in e  f i e l d  would be app rox im ate ly  45° from the  proposed  
s p in  d i r e c t i o n ^   ^ .
An e s t i m a t i o n  o f  th e  changes in o r i e n t a t i o n  o f  the  h y p e r f in e  
f i e l d  can be made from the  ex p ec ted  v a r i a t i o n  in  p^ over  the  range  4 t o  50K.
At t h e s e  t e m p e ra tu re s  th e  n a t u r e  o f  the EFG i s  p redom inan t ly  de termined  
by t h e  p r o p e r t i e s  o f  th e  o r b i t a l  ground s t a t e  with  s l i g h t  m o d i f i c a t i o n s  
due t o  s p i n - o r b i t  coup l ing  and exchange i n t e r a c t i o n .  Exper ience  in  f i t t i n g  
the  te m p era tu re  dependence o f  the  h y p e r f in e  f i e l d ,  as w i l l  be d e s c r ib e d  
more f u l l y  below,  i n d i c a t e s  t h a t  th e  change in  p^ over  t h i s  tem pera tu re  
range  i s  g e n e r a l l y  smal l  and no g r e a t e r  than  0 . 1 .  I t  i s  e v i d e n t  t h a t  
from the  e x p e r i m e n t a l l y  de te rmined  v a lues  o f  p^ (Table 5 .9)  t h a t  an i n c r e a s e  
in  p^  as l a rg e  as 0 .1  can be accommodated w i th o u t  any s i g n i f i c a n t  change 
in o r i e n t a t i o n  o f  the  h y p e r f i n e  f i e l d .  Thus t h e r e  i s  no ev idence  from 
the  Mössbauer d a t a  to  i n d i c a t e  any change in  the o r i e n t a t i o n  o f  th e  h y p e r f in e  
f i e l d ,  a t  any te m p era tu re  above 4K, f o r  th e  M(2) s i t e .
The co r re s p o n d in g  ranges  in  p^ ,  0^ and (f)^  were l i s t e d  in  Table 5 . 9 .  
A minimum va lue  o f  0n = 4° occurs  when (1) = 0° and a maximum value  o f  0D = 12°
D  D  D
when c|)D = 90° .  Ranges in  pD a t  4K a re  0 .68  - 0.74 and 0 .81 - 0.89  a t  50K,
D  D
with  th e  lower l i m i t s  co r r e s p o n d in g  to  = 90° and th e  upper  l i m i t s  to  
(J)g = 0° .  No s i g n i f i c a n t  change in  the  ranges  was observed  a t  i n t e r m e d i a t e  
t e m p e r a t u r e s .  A change in  <j) from 90° a t  4K to  0° a t  50K i s  p o s s i b l e  with  
an i n c r e a s e  in  (j)ß < 0 . 1 ,  though t h i s  cannot  be s u b s t a n t i a t e d  from the  
a v a i l a b l e  d a t a .  At 4K the  h y p e r f i n e  f i e l d  l i e s  w i th in  8° o f  the  Vzz p r i n c i p a l
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axis. The direction cosines for the EFG principal axes have been given
for the M(l) site in olivine in Table 5.12 (p.116) . Assuming the EFG axes
have a similar orientation in fayalite, then the hyperfine field lies
closer to the directions proposed for the spin by Gox et al^^t h a n  those 
(21)of Santoro et al (see Table 5.14). Furthermore, the large change in
spin direction, of the order of 45° near 23K, used to explain the neutron
(2 1)diffraction data by Santoro et al is not consistent with the maximum
change of 10° in the orientation of the hyperfine field at the M(l) site.
(21)A further objection to the model of Santoro et_ al for the
spin structure of FeaSiC^ at 4K is that their model requires that there
exist two spin orientations of the ferrous ion on the M(l) sites. The
spin orientation, with respect to the site axes, for each type of site
would differ by approximately 90°. However, only one spectrum is observed
corresponding to the ferrous in the M(l) site, in the MfcJssbauer spectrum
of fayalite at 4K. The fitted parameters indicated that the hyperfine
field was close to V (0 ~ 0) . If this spectrum is the average of two
spectra arising from the ferrous ion in two different types of M(l) site,
then they must have very similar line positions as no undue broadening was
observed in the spectrum. At all the M(l) sites the hyperfine field would
be expected to lie close to V^. Hence the two orientations of the spin
within the M(l) sites, which differ by 90°, required by the model of 
(2 1)Santoro et al are not compatible with the Mtfssbauer data.
A plot of the experimentally determined hyperfine field at the 
M(l) and M(2) sites, over the temperature range 4 to 65K, is shown in 
Figure 5.17. The change in hyperfine field is relatively smooth and no 
discontinuities are apparent around 23K for the field at either the M(l) 
or M(2) site. The absence of an obvious discontinuity in the hyperfine 
field versus temperature curve for the M(l) site is not unexpected as the 
change in spin direction is considered to be small, probably less than 10°.
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Fig .  5 .1 7 .  A p l o t  o f  the  h y p e r f in e  f i e l d  v e r sus  tem pera tu re  f o r  the  
f e r r o u s  ion  on the  M(l) and M(2) s i t e s  in  f a y a l i t e .
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An a t t e m p t  was made to  f i t  the  ex p e r im e n ta l  curves  w i th  a model
based  on or thorhombic  symmetry. The a p p r o p r i a t e  Hamiltonian  was o f  the
form used in  Eq. (5-8)  i n c lu d i n g  an a d d i t i o n a l  m o lecu la r  f i e l d  exchange
term o f  the  form -2 2 J . . S .  <  S. >  . The va lue  o f  A and th e  energy
j  i J  i  3
s e p a r a t i o n  o f  t h e  t h r e e  o r b i t a l  s t a t e s  were i n i t i a l l y  f i x e d  a t  the  va lues
de termined  from the  te m p era tu re  dependence o f  the  quadrupole  s p l i t t i n g
(97)and from the  o p t i c a l  d a t a  o f  Runciman e t  a l  (see  Table 5 . 1 3 ) .
The c o n t a c t  c o n s t a n t  h^ ,  the  exchange c o n s t a n t  J  and <  r  3 >  were 
l e f t  as a d j u s t a b l e  p a r a m e te r s .  The d i r e c t i o n  o f  the  exchange (molecu la r  
f i e l d )  a t  bo th  s i t e s  was a d j u s t e d  so t h a t  t h e  o r i e n t a t i o n  o f  the  h y p e r f in e  
f i e l d  w i th  r e s p e c t  to  the  EFG p r i n c i p a l  axes co r responded  t o  6 = 75°,
(j) = 90° f o r  th e  M(2) s i t e  and 0 = 0° f o r  th e  M(l) s i t e .  These d i r e c t i o n s  
were found to  be com pat ib le  w i th  the  s p in  d i r e c t i o n s  proposed  by Cox e t  a l ^ ^  
only when the  o r b i t a l  ground s t a t e s  were as p r e v i o u s l y  a s s ig n e d  in s e c t i o n  
5 . 6 . 2 .  S ince the  magnitude o f  the  h y p e r f in e  f i e l d  was found to  be s e n s i t i v e  
to  the  o rd e r  o f  th e  n e x t  two e x c i t e d  o r b i t a l  l e v e l s ,  i t  was p o s s i b l e  to  
check t h i s  ass ignment as we l l .  The b e s t  f i t s  co r responded  t o  the  e a r l i e r  
ass ignment  o f  o r b i t a l  l e v e l s  g iven in  s e c t i o n  5 . 6 . 2 .  Hie r e s u l t i n g  pa ram e te rs  
co r respond ing  to  the  s o l i d  l i n e  f i t s  in  F igure  5 .17  are  l i s t e d  below in  
Table 5 .15 .
Table 5 .15 .
S i t e
B°
(cm-1 )
B2
(cm"1)
A
(cm- 1 )
<  r ~ 3 >  m
( a . u . )
J
(cm-1)
^c
(kOe)
M( 1) 145±15 -85±10 75115 3 .510 .2 -3015 225120
M(2) -8±5 265±15 80115 3 .710 .2 -1215 460120
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A comparison o f  A, <  r  3 and h shows t h a t  they  a l l  have been 
reduced by app rox im ate ly  20% from t h e i r  f r e e  ion v a l u e .  This  r e d u c t io n  
i s  p r i m a r i l y  due to  cova lency  e f f e c t s  w i th i n  the  M(2) s i t e .  The c a l c u l a t e d  
va lue  o f  the  magnetic  moment o f  the  f e r r o u s  ion  in the  M(2) s i t e ,  a t  4K, 
i s  4 .4±0 .2  y^ compared wi th  a va lue  o f  a pp rox im a te ly  3.9 yß (no e r r o r  
s p e c i f i e d )  de te rm ined  from the  n eu t ro n  d i f f r a c t i o n  d a t a ^ ^  . The l a r g e r  
va lue  found from t h i s  work i n c o r p o r a t e s  an o r b i t a l  c o n t r i b u t i o n  o f  
app rox im ate ly  0 .4  y^,  p redom inan t ly  in  th e  c r y s t a l l o g r a p h i c  C d i r e c t i o n ,  
p lu s  a smal l  component o f  about  0 .1  y^ due to  sp in  a long  the  Y ax i s  o f  the  
s i t e ;  the  Y d i r e c t i o n  ly in g  in  the c r y s t a l l o g r a p h i c  ab p l a n e .  This small  
sp in  component was no t  d e t e c t e d  in  the  n eu t ro n  d i f f r a c t i o n  i n v e s t i g a t i o n s ^  
The A and <  r  3 pa ram e te rs  c o r re spond ing  to  the  M(l) s i t e  a re  
reduced  by a pp rox im a te ly  25% from t h e i r  f r e e  ion  v a l u e ,  b u t  th e  c o n t a c t  
c o n s t a n t  h^ has been reduced  by some 60%. This l a rg e  r e d u c t i o n  in  the  h^ 
pa ram e te r  i s  a r e s u l t  o f  an u n d e r e s t i m a t i o n  o f  the  o r b i t a l  and d i p o l a r  
f i e l d  c o n t r i b u t i o n .  The l a rg e  e x p e r i m e n t a l l y  de termined  va lue  o f  the 
asymmetry p a r a m e te r  p ~ 0 .7  a t  4K im p l ie s  t h a t  the  ground s t a t e  c o n ta in s  
s i g n i f i c a n t  adm ix tures  o f  h i g h e r  e x c i t e d  o r b i t a l  s t a t e s .  These admixtures  
tend  to  i n c r e a s e  the  o r b i t a l  moment o f  the  ground s t a t e  and lead  to  an 
u n d e re s t i m a t io n  o f  bo th  o r b i t a l  and d i p o l a r  f i e l d s .  Assuming a more 
r e a l i s t i c  va lue  o f  h^ = 400 kOe, which r e p r e s e n t s  a r e d u c t i o n  o f  a p p r o x i ­
mate ly  25% from th e  f r e e  ion  v a l u e ,  e n ab le s  an e s t i m a t i o n  o f  the  n e g l e c t e d  
c o n t r i b u t i o n s  to  be made. Even wi th  the  s p in  com ple te ly  s a t u r a t e d  the  
n e g l e c t e d  c o n t r i b u t i o n  i s  a t  l e a s t  180 kOe a t  4K. This l a rg e  va lue  p l a c e s  
c o n s id e r a b l e  doubt  as to  th e  v a l i d i t y  o f  th e  exchange p a ram e te r  J  de termined  
from f i t t i n g  the  te m p era tu re  dependence o f  th e  h y p e r f in e  f i e l d  as l i t t l e  
i s  known o f  the  te m pera tu re  dependence o f  t h i s  n e g l e c t e d  c o n t r i b u t i o n .  
Assuming t h a t  the  d i p o l a r  and o r b i t a l  c o n t r i b u t i o n s  a re  b o th  o p p o s i t e l y  
d i r e c t e d  to  the  c o n t a c t  f i e l d ,  an upper  l i m i t  o f  4 .4  y^ can be p la c e d  on 
the  magnet ic moment o f  the  f e r r o u s  ion  in  the  M(l) s i t e .  This  va lue  i s
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somewhat higher than the value of 4 (no error specified) determined 
by Cox et a l ^ ^  and would suggest that the spin of the ferrous ion on 
the M(l) site is not completely saturated. A total magnetic moment of 
4 jig is possible, even with a substantial reduction in the exchange 
parameter J to a value which is similar to that found for the M(2) site.
Thus a comparison between the exchange parameter J for both sites is 
considered meaningless in this situation as an upper limit to the orbital 
and dipolar contribution cannot be accurately determined.
5.6.6. Magnetic Hyperfine Spectra - Intermediate Olivines
An investigation of the intermediate iron-olivines was under­
taken to obtain additional information which was not available from the 
study of fayalite discussed in the previous section. This information 
relates to substitutional effects, chemical ordering, spin structure and 
exchange interactions within the olivine structure.
Mn-Fe ol'Lv'Lnes:
The spectra of several manganese-iron olivines have been pre­
sented in Figure 5.11 (see p.103). In general the spectra at high iron 
concentrations are better resolved than those at intermediate or low iron 
concentrations. There is however, with decreasing Fe concentration, a 
greater reduction in the area of spectrum A than of spectrum B. This 
reduction can be seen by inspection of the two outermost peaks and is a 
result of the preferential ordering of Mn^+ into the M(2) site in these 
olivines. A similar but substantial change in the relative separation 
of the peaks, as compared with fayalite, is observed in all samples con­
taining ^ 5 0  mole percent Fe2Si0i+. Since there is approximately three to 
four times more iron on the M(l) site than on the M(2) site in these samples, 
the major features of these spectra are assigned to the ferrous ions on 
the M(l) site. A line position analysis for the (Mn0 75FeQ 25)2Si04 sample
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is included below in Table 5.16 and the corresponding line positions are 
included in Figure 5.11 (p.103).
Table 5.16.
H(kOe) AQ(mm/sec) 6(mm/sec) 0 6 ° i0<P
110 ± 10 3.05 ± 0.1 1.3 ± 0.1 0.2+1 40+34 90+60
For a value of p = 0.75, similar to that observed in fayalite (see 
Table 5.9), the values 0 = 37° and (j) = 65° are obtained. Using the EFG 
principal axes directions previously determined from the single crystal 
studies of olivine; the hyperfine field is directed close to the crystal­
lographic c axis. The different orientation of the hyperfine field at 
the M(l) site in these manganese rich olivines compared with that in 
fayalite might be interpreted as being associated with a clustering of 
ferrous ions on the M(l) site due to insufficient mixing in preparation. 
However, when the samples were melted (as against sintered) under a low 
oxygen partial pressure (10 7 mm Hg), and rapidly cooled, no differences 
were observed in the magnetic hyperfine spectra or the measured Neel 
points for any sample; hence clustering effects due to poor mixing would 
seem to be negligible. It would appear then that the change in orientation 
of the hyperfine field at the M(l) site, when a large fraction of the Fe 
in fayalite is replaced by Mn, reflects the different spin structures of 
the two end members, fayalite and tephroite. The direction of the hyperfine 
field found in samples containing ^  50 mole percent FeaSiCK is more
compatible with the spin directions proposed for Mii2Si04 by Cox ejt^ al
(21)than those proposed by Santoro et al . The spin directions given by 
Cox et a l ^ ^  have components in the crystallographic be plane, while the
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( 21 )sp in  d i r e c t i o n s  given  by S an toro  et_ a l  have no components in  the  
d i r e c t i o n  o f  the  observed  h y p e r f in e  f i e l d ,  t h a t  i s  along  th e  c r y s t a l l o g r a p h i c  
c a x i s .
An e s t i m a t i o n  o f  the  exchange i n t e r a c t i o n s  w i th i n  the  o l i v i n e  
s t r u c t u r e  can be o b t a in e d  by a pp ly ing  m o lecu la r  f i e l d  t h e o ry  t o  e x p l a in  
changes in  the  Neel p o i n t  w ith  v a r i a t i o n s  in  c o n c e n t r a t i o n  o f  the  magnetic  
i o n s .  M olecu lar  f i e l d  th e o ry  has  been r e l a t i v e l y  s u c c e s s f u l  a t  p r e d i c t i n g  
q u a n t i t i e s  which depend on changes in  e f f e c t i v e  f i e l d ,  such as s u s c e p ­
t i b i l i t y ^ ^  and„ v a r i a t i o n s  o f  N^el p o i n t s  in  mixed c r y s t a l  systems .
2+ 2+In th e  iron-manganese o l i v i n e s  the  Fe and Mn i o n s ,  denoted  
a and b r e s p e c t i v e l y ,  a re  d i s t r i b u t e d  p r e f e r e n t i a l l y  over  the  two l a t t i c e  
s i t e s  M(l) and M(2) which form the  two magnetic  s u b l a t t i c e s .  The
OLp r o b a b i l i t y  o f  f i n d i n g  an ion  a  on the  s u b l a t t i c e  i  i s  P . .  The m o lecu la r
thf i e l d  a c t i n g  on an ion  a  on the  i  s u b l a t t i c e ,  in  the  absence o f  an 
a p p l i e d  f i e l d ,  i s
Ml
a
yB gi * Hi
2
3 =  1,2
B=a,b
2Pa Z . . j “ e 
1 1] 3
>ß
where Mi i s  the  s p in  on ly  magnetic  moment o f  a 3 ion  on s u b l a t t i c e  j ,
n  D
ih i s  the  n e a r e s t  n e ighbour  exchange i n t e r a c t i o n  between ion  
a  on s u b l a t t i c e  i  and ion  3 on s u b l a t t i c e  j ,  
i s  the  number o f  n e a r e s t  ne ighbours  on s u b l a t t i c e  j t o  a s i t e  
on sub l a t t i c e  i ,
Pg i s  the  Bohr magneton,
n
g_. i s  the  LandB g - f  a c t o r  f o r  the  3 ion  on the  i  sub l a t t i c e ,  
g? i s  a t e n s o r  as i s  n o t  n e c e s s a r i l y  p a r a l l e l  to  .
Ig n o r in g  th e  d i f f e r e n c e s  in  the  Land4 g - f a c t o r s ,  th en  m o lecu la r
f i e l d  th e o ry  y i e l d s  fo u r  l i n e a r  a l g e b r a i c  e q u a t io n s  as f o l lo w s :
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r a aa „  . . .a  a a a..a nbTab b l b_ab..b(P lT 11-Tj^jMi + P2T12M2 + P1T11M1 + P2T12M2 = 0
a„aa a , a aa . . .a  b ab b b ab b 
P1P21M1 + (P2T22-T JM2 + P1I21M1 + P 2 ^2 2 M 2 = 0
(5 - 10)
a ba a  ^ na ba.,a r „b bb „  ...b b bb b P i l u M i  + P2T12M2 + ( P i T i i - 1 n)Mi + P 2T 12M2 = 0
„a-ba-.a „a^ba.-a „b^bb.b  .„b-bb „  ,..b „
P 1 T 2 1 M 1  + P 2 T 2 2 M 2  + P 1 T 2 1 M 1  + ( P 2 T 2 2 ~ T ^ ) M2 = 0
where i s  the  Nkel te m p era tu re  and T^\ = 2S^(S^+1)cosB 0 i s  the
ang le  between th e  moments on th e  ions  a  and 3 when th ey  a re  in  sub l a t t i c e s  
i  and j r e s p e c t i v e l y .
The p o s s i b l e  t r a n s i t i o n s  te m p e ra tu re s  a re  the  e ig e n v a lu e s  o f  
th e  fo l lo w in g  m a tr ix
P i T u
Da aa 
P2 112 pV j Pb2 l f 2
p ?t! ? p fT f f P ^
p t d i p fx’j f pM S P^Tbb
p ! t^? P 2T22 pW S Pb2Tbb
The observed  T^ would co rrespond  to  the  l a r g e s t  e ig e n v a lu e  and the
aco rre sp o n d in g  sub l a t t i c e  m a g n e t iz a t io n s  a re  c o n ta in e d  in  th e  e ig e n ­
v e c t o r s .  In o rd e r  to  o b ta in  a q u a l i t a t i v e  s o lu t i o n  s e v e r a l  approx im ations
a 5must be made. Using a v a lu e  o f  S. = -^ f o r  th e  f e r ro u s  io n s  to  q u a l i ­
t a t i v e l y  accoun t f o r  th e  c o n t r i b u t i o n  from th e  o r b i t a l  motion o f  the
e l e c t r o n s  su g g e s te d  in  th e  p re v io u s  s e c t i o n ,  then  T?^ = T^? = T^? = T ^
aand th e  number o f  p a ra m e te rs  i s  s u b s t a n t i a l l y  red u ced .  The P^ i s  the
thc o n c e n t r a t io n  o f  th e  a  ion  in  th e  i  s i t e  and i t s  v a lue  i s  de term ined  
from Table 5 .4  ( p .9 2 ) .
The u s u a l  assum ption  o f  c o n s ta n t  exchange i n t e r a c t i o n s  employed 
in  f i t t i n g  the  e x p e r im e n ta l ly  observed  N6el p o in t s  in  mixed oxide 
system s i s  n o t  v a l i d  in  t h i s  case  as the  two end members have
been shown to  have d i f f e r e n t  sp in  o r i e n t a t i o n s .  The n e u tro n  d i f f r a c t i o n
1 3 8 .
models p roposed  by Cox e t  a l ^ ^  f o r  the  two end members, f a y a l i t e  and
t e p h r o i t e ,  i n d i c a t e  t h a t  the degree  o f  c a n t in g  o f  the  sp in  o f  the  f e r ro u s
and manganese ions  a t  the  M(l) s i t e  i s  s i m i l a r .  I f  the  sp in  d i r e c t i o n
o f  th e  Mn  ^+ ion in  the i r o n  r i c h  members i s  de termined  by th e  sp in
o r i e n t a t i o n  o f  the  f e r r o u s  i o n s ,  then  i n c r e a s i n g  Mn^+ c o n c e n t r a t i o n s
r e q u i r e  t h a t  t h e r e  be a r e s u l t a n t  change in  th e  Mn^+ s p in  d i r e c t i o n  a t
bo th  s i t e s .  Even though t h i s  change may be as l a rg e  as 90° i t  i s  expec ted
t h a t  th e  r e l a t i v e  o r i e n t a t i o n  o f  th e  Mn^+ s p in s  on bo th  M(l) and M(2)
s i t e s  r e m a i n s . f a i r l y  c o n s t a n t  th roughou t  the  s e r i e s .  Thus the  Mn-Mn
exchange shou ld  remain r e l a t i v e l y  c o n s t a n t  th roughou t  th e  s e r i e s .  The
change in  o r i e n t a t i o n  o f  th e  s p in  on th e  f e r r o u s  ion a t  bo th  the  M(l)
and M(2) s i t e s  in  t h e se  manganese- iron  o l i v i n e s  w i th  i n c r e a s i n g  manganese
c o n c e n t r a t i o n  i s  e x p ec ted  to  be somewhat s m a l l e r  than  the  change in sp in
2+a s s o c i a t e d  with  the  Mn io n s .  A comparison o f  the  o r i e n t a t i o n  o f  th e  
h y p e r f in e  f i e l d ,  with  r e s p e c t  to  th e  EFG p r i n c i p a l  axes ,  a t  the  M(l) s i t e  
in  f a y a l i t e  (Table 5 .9 )  w i th  t h a t  de termined  f o r  the  mixed system a t  
h igh  manganese c o n c e n t r a t i o n s  (Table 5 .15)  i n d i c a t e s  t h a t  the  change in
sp in  d i r e c t i o n  i s  about  30°. I t  was n o t  p o s s i b l e  to  de te rmine  i f  any
change in  sp in  d i r e c t i o n  o c c u r re d  a t  the  M(2) s i t e  w ith  v a r i a t i o n s  in  
i r o n  c o n c e n t r a t i o n ,  though a s i m i l a r  change would be expec ted  to  t h a t  
observed  a t  the  M(l) s i t e .  I f  t h i s  i s  the  ca s e ,  then  the  Fe-Fe exchange 
a l s o  remains r e l a t i v e l y  c o n s t a n t  over  the  s e r i e s .  Even w i th o u t  a 
c o r re s p o n d in g  change in  th e  s p in  d i r e c t i o n  a t  the  M(2) s i t e  the  assumption 
o f  c o n s t a n t  Fe-Fe exchange i s  r e a s o n a b le  a t  h igh  i r o n  c o n c e n t r a t i o n s .
To reduce  the  l a rg e  number o f  p a ram e te r s  r e q u i r e d  the  Mn-Mn 
and Fe-Fe i n t e r a c t i o n s  were c o n s t r a i n e d  to  be p r o p o r t i o n a l ,  t h a t  i s ,
c lc l  I ) ] }
T^j = cT^ . . This  i s  a r e a s o n a b l e  assumption  as the  c an t  angle  o f  the
sp in  a t  the  M(l) s i t e  in  b o th  end members i s  s i m i l a r ^ ^  .
abAt low i r o n  c o n c e n t r a t i o n s  the  T^ . pa ram e te r s  a re  smal l  as 
the  r e s u l t a n t  s p in s  on th e  Mn^+ and Fe^+ ions  a re  approx im ate ly
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perpendicular. In fitting the experimental data at high iron concentrations
cj b \ 1 c 'l a athe 1\ j parameters were constrained to a value of Th and at low
iron concentrations to a value of zero. No information is available on
2 +the orientation of spin on the Mn ions in intermediate members and
rather arbitrarily a variation of the form ^ cos-{ (l-xj^f» where x is 
the concentration of the fayalite molecule present in the sample, was 
used in fitting the experimentally determined Nfeel points.
The N^el points of all the synthetic olivines are plotted in 
Figure 5.18. -The dotted lines are merely an interpolation of,the experi­
mental points, while the solid line fit to the manganese iron olivines 
is based on the molecular field model outlined above.
The four parameters required to fit the experimental data 
shown in Figure 5.18 are the three T_'s and the proportionality constant c. 
The values determined for the T^  parameters from diagonali zation of
matrix 6, in units of K are Ti'f *** -5, Tff = 10, and T^ f = 60. A value
TN(Mn2Si04)
of c = 0.85, corresponding to the ratio of j ~(Vg SiQ~) ’ WaS determined.
The large number of assumptions and approximations used in fitting the 
data makes any estimation of error difficult. For this reason a quanti­
tative interpretation of these parameters is not attempted. The relatively 
large discrepancy between the fitted curve and the experimental points 
near the tephroite end of the range can be substantially reduced by 
releasing several of the constraints which were applied in fitting.
However, this was found to be impractical because of the large number
of parameters involved. It is considered that the slight adjustments in
otßthe T^'s required to improve the fit to the experimental data at high 
manganese concentrations would not significantly alter the values previously
3 3determined for the T^ _. 's at high iron concentrations.
3 3A comparison of the T^.'s indicates that the dominant exchange 
interaction in the iron-rich olivines is between the ferrous ion on the 
M(l) and M(2) sites and that most probably T^f >> T22 > Taa. If all the
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® - F a y a l i t e
a . - Manganese i r o n - o l i v i n e
# □ Magnesium i r o n - o l i v i n e s
Calcium i r o n - o l i v i n e s
Mole p e r c e n t  Fe2SiO^
Fig .  5 .1 8 .  v e r s u s  mole p e r c e n t  Fe^SiO^. The d o t t e d  l i n e s  a re  merely 
i n t e r p o l a t i o n  o f  the  e x p e r i m e n t a l l y  de te rmined  p o i n t s ,  whi le the  
s o l i d  l i n e  f i t  to  the  manganese i r o n - o l i v i n e s  i s  based  on the  m o lecu la r  
f i e l d  model.
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exchange interactions are anti ferromagnetic, then the fitted values are 
consistent with a 'ferromagnetically-canted' spin arrangement at the 
M(l) site, as used to explain the neutron diffraction data^^*^^ .
Ca-Fe olivines:
The spectra of three calcium-iron olivines recorded at 4.2K 
are shown in Figure 5.9 (p.101). Since the Ca^+ ion preferentially 
enters the M(2) site the slight reduction in the outer peaks in the 
spectrum of (CaQ iFe as compared with the outer peaks for fayalite,
see Figure 5.12 (p.105), is consistent with the assignment of the outer 
spectrum to the ferrous ion in the M(2) site, previously given for fayalite.
A small degree of magnetic order is apparent in the spectrum of
(Ca ,Fe )SiO . A prominent feature of this spectrum is the pair
0.25 0 * 7 5 2  4
of intense peaks, which have positions corresponding to the doublet 
observed in (Ca ,Fe ) SiO , and which result from isolated ferrous
0 - 5 0-5 2 4
ions. The spin directions of the ferrous ions at the M(l) sites would be 
expected to rotate from the ferromagnetically canted alignment observed 
in fayalite towards an antiferromagnetic alignment at higher Ca^+ concen­
trations, as a consequence of the reduction in M(l)-M(2) exchange inter-
24- 24-actions . With a random distribution of the Ca and Fe ions in the nn 
M(2) sites up to five different orientations of spin at the M(l) site are 
then possible. This variation in possible spin direction of the ferrous 
ion in the M(l) site is reflected in the broadened nature of the 
(Ca ,Fe ) SiO spectrum.
0-25 0 - 7 5 2  4
The spectrum of iron-monticellite, (Ca ,Fe ) SiO , shows
0-5 Q • 5 2 *+
no evidence of magnetic order at and above 4K, even though the ferrous 
ion completely fills the M(l) site. In this structure, the only mechanism 
by which magnetic ordering is likely is through exchange with the ferrous 
ions in nn M(l) sites. This is an edge-sharing interaction which gives 
rise to direct exchange via overlapping d-orbitals along the crystallographic
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c a x i s  p lu s  the  u s u a l  i r o n - o x y g e n - i r o n  superexchange .  The Fe-O-Fe ang les  
in  f a y a l i t e  a re  92° and 98° r e s p e c t i v e l y ^ " ^  , w h i le  the  Fe-Fe d i s t a n c e s  
in  f a y a l i t e  and i r o n - m o n t i c e l l i t e  a re  3.05 and 3.21 r e s p e c t i v e l y .
B l o c k h a s  s u g g es ted  t h a t  v a r i a t i o n s  o f  superexchange i n t e r a c t i o n s  
w i th  i n t e r a t o m i c  d i s t a n c e  may be approxim ated  to  an in v e r s e  t e n t h  power 
law. This  would then s u g g es t  an upper  l i m i t  o f  6K to  the  magnitude o f  
the  exchange p a ra m e te r  T ^  in  f a y a l i t e ,  in  r e a s o n a b le  agreement w i th  the  
va lue  o f  -5K p r e v i o u s l y  de te rm ined .
Mg-Fe o liv in es:
S e v e ra l  s p e c t r a  o f  the  magnesium-iron o l i v i n e s  a t  4.2K have 
been  p r e s e n t e d  in  F igure 5 .10  (p .1 0 2 ) .  At h igh  i r o n  c o n c e n t r a t i o n s  the  
o u t e r  peaks  show some b roaden ing  on t h e i r  i n n e r  edges ,  i n d i c a t i n g  a range  
o f  h y p e r f i n e  f i e l d s .  The b roaden ing  becomes more pronounced as the  con­
c e n t r a t i o n  o f  d iam agne t ic  ions  i s  i n c r e a s e d  and e v e n t u a l l y  two secondary  
peaks emerge.  These two peaks a re  the  quadrupole  d o u b le t  a s s o c i a t e d  with  
the  i s o l a t e d  f e r r o u s  i o n s .  A smal l  amount o f  s h o r t  range  magnet ic  o r d e r  
i s  obse rved  in  the  (Mg ,Fe ) SiO sample.  This  was observed  to
0 - 8 5  0 - 1 5 2  4
a l e s s e r  degree in  the  n a t u r a l  sample whose com posi t ion  i s  approx im ate ly  
(Mg , Fe ) SiO . The r e l a t i v e l y  l a r g e  amount o f  s h o r t  range  o rd e r
0 - 9 2  0 - 0 8 2  4
observed  in  the  s y n t h e t i c  sample compared w i th  the  n a t u r a l  m ine ra l  i s ,  
i n  p a r t ,  due t o  the  d i f f e r e n c e s  in  i r o n  c o n c e n t r a t i o n .  However, the 
amount o f  s h o r t  range o r d e r  observed  in th e  spec trum o f  the  s y n t h e t i c  
sample i s  somewhat l a r g e r  than  would be expec ted  from a random d i s t r i b u t i o n  
o f  f e r r o u s  ions  in  the  M(l) and M(2) s i t e s  and would s u gges t  a smal l  
degree  o f  c l u s t e r i n g  in  t h e s e  samples .  The m e l t i n g  p o i n t s  o f  th e se  
magnesium r i c h  o l i v i n e s  i s  r e l a t i v e l y  h igh  (~2,000K) and i t  was n o t  
p o s s i b l e  to  p r e p a re  samples from the  melt  under  a c o n t r o l l e d  atmosphere 
w i th  the  a v a i l a b l e  equipment .
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The v a r i a t i o n  in  over  the range  o f  c o n c e n t r a t i o n s ,  see
Figure 5 .1 8 ,  i s  e s s e n t i a l l y  l i n e a r  a p a r t  from a t a i l i n g - o f f  a t  low i ro n
c o n c e n t r a t i o n s .  N^el t e m p e ra tu re s  have been p r e v i o u s l y  de te rmined  f o r
r 119)
s e v e r a l  (Mg^_x ,Fe^) SiO o l i v i n e s  by Hoye and O 'R e i l l y  from s u s c e p ­
t i b i l i t y  measurements and a re  in r e a s o n a b ly  good agreement a t  h igh i r o n  
c o n c e n t r a t i o n s .  They d id  n o t  d e t e c t  long- range  magnet ic  o r d e r  below a 
va lue  o f  x^ ~ 0 . 3 .  The f i n i t e  va lu e s  o f  T^ found in  the  p r e s e n t  work 
f o r  th e  two samples with  x < a re  the  h i g h e s t  t e m p e ra tu r e s  a t  which 
s h o r t - r a n g e  magnetic  o r d e r  was observed  in  the  Mtfssbauer spectrum.^ Both 
s p e c t r a  a t  4K showed ev idence  o f  the  quadrupole  d o u b le t  s u g g e s t i n g  t h a t  
t h e r e  was n o t  a h igh  degree  o f  long - range  magnetic  o r d e r  p r e s e n t  in  t h e se  
samples ,  in  agreement w i th  the  f i n d i n g s  o f  Iloye and O ' R e i l l y ^ ^  .
Although a smal l  degree  o f  c l u s t e r i n g  o f  the  f e r r o u s  ions  was 
i n f e r r e d  from the  low te m pera tu re  s p e c t r a ,  i t  was n o t  p o s s i b l e  t o  o b ta in  
any r e l i a b l e  q u a n t i t a t i v e  e s t i m a t e s  because  o f  the  i n a b i l i t y  t o  f i t  the 
p o o r ly  r e s o l v e d  s p e c t r a .  For the  same reason  i t  was no t  p o s s i b l e  to  
de te rmine  i f  the  degree  o f  c l u s t e r i n g  o f  the  f e r r o u s  ion  was s i m i l a r  in 
bo th  the  M(l) and M(2) s i t e s .  Apar t  from th e  obvious e f f e c t s  on the 
va lues  o f  T^,  the  c l u s t e r i n g  may a l s o  have an i n f l u e n c e  on th e  s i t e  
p o p u l a t i o n s .  I t  was su g g e s te d  in  s e c t i o n  5 . 6 . 1  t h a t  the  h i g h e r  degree 
o f  o rd e r  observed  in  the  s y n t h e t i c  magnesium-iron o l i v i n e s  compared wi th  
t h e i r  n a t u r a l  ana logues  was a r e s u l t  o f  the  r a p i d  co o l in g  o f  the  s y n t h e t i c  
samples from r e l a t i v e l y  h igh  t e m p e r a t u r e s .  This  s u g g e s t io n  i s  s uppo r ted  
by the r e c e n t  s t u d i e s  o f  S h i n n o ^ “^  on s e v e r a l  annea led  s y n t h e t i c  
o l i v i n e s ;  th e s e  s t u d i e s  e s t a b l i s h e d  the  impor tance  o f  the  the rm al  h i s t o r y  
o f  the m ine ra l  in  de t e rm in in g  the degree  o f  o r d e r  p r e s e n t  in  the s t r u c t u r e  
Since S h in n o ' s samples were p r e p a re d  a t  t e m p era tu re s  below t h e i r
m e l t ing  p o i n t s ,  the  p o s s i b i l i t y  o f  c l u s t e r i n g  must be c o n s id e re d .  To 
e s t a b l i s h  the  r e l a t i v e  impor tance  o f  each o f  the  c r y s t a l - c h e m i c a l  f a c t o r s
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which de termine  the d i s t r i b u t i o n  o f  c a t i o n s  between the two s i t e s  in 
the  o l i v i n e  s t r u c t u r e ,  from a s tu d y  o f  the  s y n t h e t i c  m i n e r a l s ,  w i l l  
r e q u i r e  th e  p r e p a r a t i o n  o f  samples f r e e  from c l u s t e r i n g .
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CHAPTER 6.
Hedenbergite
6.1 Introduction
The principal application of Müssbauer spectroscopy to the study
of the pyroxenes has been in the determination of atomic distributions and
order-disorder relations over the two non-equivalent M(l) and M(2) metal
ion sites in the structure. Investigations of this kind were first applied
to the study of magnesium-iron orthopyroxenes from metamorphic rocks by
Evans et_ al . The Fe^+ ion was found to prefer the larger M(2) site,
but this preference progressively decreased on heating to 1300K. Subsequently, 
(122)Virgo and Hafner “ showed that the two overlapping doublets arising 
from the ferrous ion in the two structurally distinct M(l) and M(2) sites 
were better resolved at temperatures close to that of liquid nitrogen than 
at room temperature. This low temperature measurement enabled more 
accurate site occupancies to be determined.
Although the Mt/ssbauer spectra of the orthopyroxenes are well 
understood, there has been considerable debate over the interpretation of 
the spectra of the clinopyroxenes . Dowty and Lindsley^^ have
suggested that more than one doublet is necessary to describe the Müssbauer 
spectra of the ferrous ion on the M(l) site. Their hypothesis involved 
variations in nearest neighbour (nn) configurations of the M(l) site, 
due to purely random distribution of iron and calcium on the M(2) site.
The Müssbauer spectra of the natural hedenbergites chosen for this study 
should be simpler to interpret than the spectra of subcalcic clinopyroxenes 
or orthopyroxenes as the M(2) site in all the samples is completely, or 
nearly completely, filled with the Ca^+ ion (see 6.3). Thus nn effects 
due to iron occupying the M(2) site are expected to be absent or at least 
relatively small. The samples contained varying degrees of Mg^+ and Mn^+ 
substitution for the Fe^+ ion in the M(l) site enabling the effect of
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variation in M(l) occupancy to be investigated.
There has been no previously reported investigation of hedenber- 
gite at temperatures which are sufficiently low to produce magnetic order. 
Thus a further aim of the present work is the presentation and interpreta­
tion of the magnetically-split Mössbauer spectra of these naturally occurring 
hedenbergites.
6.2 Crystal Structure
The clinopyroxenes of interest in this work closely approximate 
the general formula, CaM^S^O^, where M^+ represents Fe2+, Mg2+ or Mn^+. 
These ions may occur in combination or separately as in the pure end 
members, diopside CaMgSi^O^, hedenbergite CaFeSi^O^, or johannsenite 
CaMnSi^O^. The latter two are isostructural with the diopside structure 
which was first determined by Warren and B r a g g a n d  has the C2/c space 
group and contains four formula units per unit cell.
Clinopyroxenes have a zweierketten tetrahedral repeat unit which 
is characteristic of the pyroxenes. The chains of linked SiO^ tetrahedra 
are staggered in the (001) crystallographic direction and are joined laterally 
by the divalent metal cations. There are two distinctly different sites 
which may be occupied by the divalent cations. The M(2) site is occupied 
by the divalent cations. The M(2) site is occupied by calcium atoms and 
is eight-fold coordinated. It is the larger site with an average metal- 
oxygen distance of approximately 2.53$. The smaller site, M(l), is 
occupied by the M2+ ions and has six-fold coordination. There are three 
crystallographically non-equivalent oxygen atoms 0(1), 0(2) and 0(3).
0(1) and 0(2) are each bonded to one silicon atom, while 0(3), the bridging 
oxygen, is bonded to two silicon atoms. Crystal structure parameters have 
been determined recently for johannsenite^ J and hedenbergite^
The unit cell lengths for hedenbergite are a 9.85, b 9.03, c 5.25$, with 
3 »  105°.
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Figure 6.1 shows the C2/c pyroxene structure projected along 
the reciprocal lattice vector a*. Figure 6.2, which is a (100) projected 
view, illustrates the distortion of the hedenbergite M(l) octahedrally 
coordinated site. The symmetry of the M(l) site approximates to C w i t h  
the (Z) axis lying along the b crystallographic axis and Y close to 
the original four-fold axis 01A2-01B2. The Y axis is inclined at 32° 
from the c crystallographic axis in the (010) plane.
There are only two orientations of the M(l) octahedrally coordinated 
site in the unit cell. Apart from translational displacements they are 
related by a mirror reflection in the (010) plane.
6.3 Sample Analysis
The majority of the natural samples used in this investigation 
originated from Broken Hill, New South Wales. Samples to were supplied 
by the Bureau of Mineral Resources, Canberra. II^ was obtained from the 
Geology Department, School of General Studies, A.N.U. and it originated 
from Sweden. Sample whose origin is unknown was purchased from World- 
Wide Gem Rough, East Hills, N.S.W. A pale green single crystal of manganese 
hedenbergite was obtained from a private collector at Broken Hill and is 
labelled H^.
An electron microprobe analysis was undertaken by the Department 
of Earth Sciences, A.N.U., and the results are listed in Table 6.1. The 
number of metal atoms calculated on the basis of six oxygens per formula 
unit indicated that all samples closely approximated the general formula, 
Ca(Fe,Mn,Mg)Si20^. The composition of these minerals is expressed as 
atoms per formula unit in Table 6.2.
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0 3 C 2
Fig .  6 . 1 .  The C2/c pyroxene  s t r u c t u r e  p r o j e c t e d  down a*.
r 12 s i(Taken d i r e c t l y  from Cameron e t  a i r  J ) .
01B2
Fig .  6 . 2 .  A(100) p r o j e c t e d  view i l l u s t r a t i n g  the  d i s t o r t i o n  o f  the
h e d e n b e rg i t e  M(l) o c t a h e d r a l l y  c o o r d in a t e d  s i t e .
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TABLE 6.1.
wt% H1 H2 H3 H4 H s H6 "7
s i o2 48.51 48.48 48.12 48.71 47.88 52.70 47.28
A12°3 0.18 0.56 0.09 0.09 0.09 0.09 0.09
Cr2°3 0.08 0.10 0.11 0.08 0.08 0.08 0.08
FeO* 26.31 24.52 22.43 18.19 24.95 12.76 21.98
MnO 0.90 2.42 6.05 10.46 3.19 0.28 7.69
MgO 1.70 1.65 0.36 0.94 1.21 10.33 0.25
CaO 22.34 22.03 22.63 21.81 21.61 24.04 22.90
Na20 0.1 0.15 0.1 0.1 0.1 0.1 0.1
Total 99.94 99.91 99.70 98.11 98.84 100.11 100.18
* all iron expressed as FeO.
TABLE 6.2.
Mineral 2+Ca
Composition 
Fe2+ Mn2+ 2 + Mg
Hi 0.98 0.90 0.03 0.10
H2 0.97 0.84 0.08 0.10
H3 1.00 0.77 0.21 0.02
H4 0.96 0.62 0.36 0.06
H5 0.96 0.87 0.11 0.07
H6 0.98 0.41 0.01 0.59
H7 1.00 0.72 0.27 0.01
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6.4 Experimental
6.4.1 Paramagnetic Hyperfine Spectra
Table 6.3 lists the parameters obtained from a doublet fit to 
the spectra of samples to H . The spectra were collected on 256 
channels. Three typical spectra and fits are shown in Figure 6.3. A 
small amount of ferric impurity was observed in samples and H^, approxi­
mately 5%, and an additional doublet was used in fitting the room temperature 
spectra.
TABLE 6.3.
Sample Counts (millions) x2 AQ(mm/sec)±0.007 6(mm/sec) ±0.008 T(mm/sec) ±0.008
H i 0.98 1.37 2.269 1.198 0.315
H2 0.91 1.45 2.268 1.201 0.346
H3 0.82 1.23 2.305 1.202 0.288
H4 1.29 1.40 2.271 1.198 0.316
HS 1.73 1.46 2.267 1.196 0.327
U6 0.76 1.60 2.093 1.192 0.336
H7 0.76 1.17 2.277 1.202 0.275
Spectra were collected over the temperature range 27K to 748K for sample 
Hj.. The doublet due to the Fe^+ impurity was fitted in the low temperature 
spectra, but was hidden by the lower peak of the M(l) doublet at tempera­
tures well above room temperature and was not fitted. Table 6.4 includes 
the quadrupole splitting, isomer shift and linewidths for the M(l) doublet 
and Figure 6.4 illustrates three typical spectra together with their fitted 
envelope. Figure 6.5 is a plot of the respective quadrupole splitting and 
isomer shift values over the temperature range.
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Fig. 6.3. The spectra of three natural sample H^, and with 
their fitted envelopes, at 295K. (See Table 6.2 for 
appropriate compositions).
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TABLE 6.4.
Temp (K) Count(millions) x2 AQ(mm/sec) ±0.007 6(mm/sec) ±0.008 T(mm/sec) ±0.008
748 2.04 1.59 1.276 0.901 0.319
665 1.76 1.49 1.416 0.962 0.322
618 1.97 1.50 1.495 0.987 0.313
572 1.48 1.36 1.579 1.049 0.319
521 2.04 1.55 1.674 1.049 0.319
473 2.17 1.58 1.776 1.078 0.319
423 2.11 1.44 1.897 1.112 0.326
372 1.46 1.22 2.022 1.144 0.322
251 2.89 2.21 2.400 1.224 0.348
200 2.91 2.50 2.585 1.259 0.317
151 4.09 2.60 2.752 1.294 0.328
100 1.33 1.86 2.903 1.315 0.312
28 4.10 2.82 2.830 1.337 0.378
The larger values of x2 associated with the fits below room temperature 
arose from both a slight broadening due to temperature fluctuations and 
the fact that more counts were collected. A relatively high y2 value of 
2.82 at 28K results from broad non-Lorentzian shaped lines. The N4el point 
for this mineral was found to be approximately 27.5K and since the spectrum 
for this sample was collected within %°K of this value, the broadening and 
high x2 are not unexpected.
Room temperature spectra were collected for various orientations 
of the single crystal sample W^. The crystal was devoid of terminal faces, 
but surfaces due to parting parallel to the (001) plane were apparent.
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Fig. 6.4. Three spectra of sample H<_, with their fitted envelopes, 
at 28, 372 and 748K respectively.
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(j)— quadrupole s p l i t t i n g
isomer s h i f t
K ->
Fig.  6 . 5 .  Variat ion in isomer s h i f t  and quadrupole s p l i t t i n g  with 
temperature.  (For an explanat ion  o f  the s o l i d  l i n e  f i t  see  
Sect ion  6 . 5 . 2 . )
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A thin slice approximately parallel to (010) was cut and polished to a
2thickness of 200 microns, corresponding to 12 mg/cm of natural iron.
The crystal was mounted with the c axis vertical and the angle between 
the propogation direction of the y-rays and the b axis was varied. Spectra 
were collected over 512 channels for greater accuracy and three spectra 
and their fitted envelopes are presented in Figure 6.6. Table 6.5 includes
the widths for the lower peak T and upper peak T together with the area
A LHratio t for the upper to lower peak.
\
TABLE 6.5.
Angle Counts(millions) x2
Tl (mm/sec) 
±0 . 0 0 5
r..(mm/scc)H
±0 . 0 0 5
V al
±0 . 0 2
3° 1 . 1 1 1 . 1 1 0 . 2 6 9 0 . 2 8 7 1 . 9 3
7° 1 . 0 1 1 . 3 5 0 . 2 7 9 0 . 2 8 9 1 . 9 2
13° 1 . 0 6 1 . 2 0 0 . 2 6 8 0 . 2 8 7 1 . 8 6
17° 0 . 7 6 1 . 0 4 0 . 2 8 0 0 . 2 8 8 1 . 7 5
23° 0 . 6 4 0 . 9 2 0 . 2 8 7 0 . 2 9 5 1 . 6 6
27° 1 .0 5 1 . 1 0 0 . 2 7 8 0 . 2 9 0 1 . 6 4
37° 0 . 6 8 0 . 9 2 0 . 2 8 8 0 . 2 9 4 1 . 4 0
Initial fitting with two Lorentzian shaped peaks indicated a 
slight broadening on the high energy shoulder of the lower energy peak.
The addition of an extra peak in the fitting procedure reduced the y2 
values by approximately 10%. This extra peak corresponds to some 2% of 
the total area and its position is indicated in Figure 6.6. Its position 
relative to the iron standard is +0.32 mm/sec which does not correspond 
with the observed position of the ferric impurity in sample H,-. The 
analysis of this single crystal indicates that there is sufficient calcium
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Fig. 6.6. Spectra of the natural single crystal sample H,_, together 
with their fitted envelopes. Angles are measured from the b axis 
in the (001) plane.
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to completely fill the M(2) position. It is likely that this small peak 
arises from ferrous ions in the M(l) site and is the lower peak corresponding 
to the ferrous ion with two nearest neighbour manganese ions. Consequently, 
it has been included in the area under the lower peak when determining the 
area ratios listed in Table 6.5.
6.4.2 Magnetic Hyperfine Spectra
The spectra of samples to at 4.2K are shown in Figure 6.7. 
These spectra were fitted with six individual peaks and the positions of 
the unresolved peaks were calculated from a line position analysis as
described in section 2.3.2 . The resulting parameters are listed in Table 6.6.
TABLE 6.6.
Sample Counts(millions) x2 Il(kOe)±6 AQ(mm/sec)±0.08 6(mm/sec) ±0.04 n 0 4>
H! 3.25 1.72 179 2.66 1.29 0.05+0.9 74-90 0+40
H2 3.21 1.62 180 2.69 1.28 0.04+0.87 74-90 0+40
H3 1.95 1.85 182 2.78 1.28 0.06+0.86 73-90 0+39
H4 2.05 1.63 177 2.70 1.29 0.06+0.9 74-90 0+40
H5 2.17 1.68 185 2.66 1.31 0.04+0.84 75-90 0+39
H7a* 1.05 2.44 183 2.78 1.31 0.05+0.91 74-90 0+40
H7b 1.67 2.34 184 2.77 1.30 0.04+0.87 75-90 5+40
Figures 6.8a and 6.8b show two different orientations of the 
single crystal with the y-rays directed along the b and a crystallo­
graphic axes respectively. Their hyperfine parameters are included in 
Table 6.6 in the two rows labelled H_ . and H_, . Figure 6.8c is the
spectrum resulting from applying an external field of 43 kOe parallel to
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Fig. 6.7. Five spectra of samples to , with their fitted
envelopes. (See Table 6.2, p.149, for appropriate composition.)
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Fig .  6 . 8 .  Mössbauer s p e c t r a  o f  o r i e n t e d  s i n g l e  c r y s t a l  sample with  
t h e i r  f i t t e d  en v e lo p e s .
(a) y - r a y  d i r e c t e d  a long  c r y s t a l l o g r a p h i c  b a x i s .
(b) Y-ray d i r e c t e d  a long  a* .
(c) y - r a y  d i r e c t e d  a long  a* and e x t e r n a l  f i e l d  o f  43 kOe a p p l i e d  
a long  c r y s t a l l o g r a p h i c  c a x i s .
1 6 0 .
*the c crystallographic axis and having the y-ray directed along a . The
resulting spectrum is composed of two overlapping sub-spectra differing
primarily in the magnitude of their hyperfine fields which are 207±7 kOe and
158±7kOe. These values were used in calculating the relative line positions,
shown in Figure 6.8c, together with the remaining hyperfine parameters
listed in Table 6.6 for H_ which were assumed to be the same for each of7a*
the two sub-spectra.
Spectra of sample H were collected over the range 4K to its N^el 
point of 23.5 ± 0.5K. Figure 6.9 shows the spectra of sample at 10, 15,
20 and 23K respectively. The hyperfine fields, calculated from a line 
position analysis, are shown plotted in Figure 6.10. Because of the broad­
ened nature of the spectrum near the N4el point, the accuracy in the 
measured value of the hyperfine field is considered to be at best approxi­
mately ±10k0e.
6.5 Discussion
The interpretation of the Mtfssbauer spectra of sub-calcic
clinopyroxenes has generated considerable d i s c u s s i o n . When the peaks
of the spectra are assigned in the same manner as for the orthopyroxenes,
that is, with the outer doublet due to Fe^+ in the M(l) position and an
inner doublet due to Fe2 + in M(2) position, then the resulting area ratio
(123)
of the two doublets was found to be temperature dependent . Furthermore,
the measured area ratios of the two doublets at room temperature suggested
that substantial amounts of the Ca^+ ion entered the smaller M(l) site.
(123)However, Williams et al proposed that there existed two distinct
phases, differing primarily in calcium content which gave rise to two over­
lapping doublets due to the Fe^+ in the two M(l) environments. The corres­
ponding two doublets for the Fe2+ in the two M(2) environments were thought
to 'strongly* overlap and could not be resolved. A three doublet fit at 
(123)77K J gave reasonably good resolution of the M(2) doublet from the M(l)
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F ig .  6 .9 .  Mössbauer s p e c t r a  o f  sample o ver  the  te m p era tu re  range 
10 to  23K.
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Fig .  6 .1 0 .  The v a r i a t i o n  in  h y p e r f i n e  f i e l d  w i th  te m pera tu re  f o r  
sample H^. (The s o l i d  l i n e  f i t  i s  b a sed  on a model o f  rhombic 
symmetry, see S e c t io n  6 . 5 . 4 . )
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d o u b l e t s  and r e s u l t e d  in  more a c c e p ta b l e  s i t e  p o p u l a t i o n s  than  those  
o b t a i n e d  from the  two d o u b le t  f i t s  to  the  s p e c t r a .
There has  been no r e p o r t e d  d e t e c t i o n  o f  domain s t r u c t u r e  in  any
C2/c p y r o x e n e s b y  e l e c t r o n  microscopy ,  X-ray d i f f r a c t i o n  o r  e l e c t r o n
f 1231d i f f r a c t i o n ,  which would suppo r t  the  h y p o th e s i s  o f  Will iams e t  a l  .
An a l t e r n a t i v e  and more a c c e p ta b l e  i n t e r p r e t a t i o n  o f  the s p e c t r a  o f  the  
s u b - c a l c i c  pyroxenes  was o f f e r e d  by Dowty and L inds ley  and i s  based
on a v a r i a t i o n  in  n e a r e s t - n e i g h b o u r  (nn) c o n f i g u r a t i o n  o f  the  M(l) s i t e ,  
due t o  p u r e l y  random d i s t r i b u t i o n  o f  i r o n  and ca lc ium in  th e  M(2) s i t e .
This  model was a p p l i e d  to s e v e r a l  s y n t h e t i c  m in e ra l s  a long  th e  h e d e n b e r g i t e - 
f e r r o s i l i t e  t i e  l i n e  f o r  which i t  was p o s s i b l e  to  c a l c u l a t e  the  r e l a t i v e  
p r o b a b i l i t i e s  o f  the  fo u r  d i f f e r e n t  types  o f  nn M(2) c o n f i g u r a t i o n s .
The r e l a t i v e  a r e a  r a t i o s  o f  the  f o u r  M(l) d o u b l e t s ,  c o r re spond ing  to  the  
f o u r  d i f f e r e n t  M(2) c o n f i g u r a t i o n s ,  were then  used as s t a r t i n g  param ete rs  
in  t h e  f i t t i n g  p ro ced u re .  U sua l ly  the  f i n a l  f i t t e d  a r e a  r a t i o s  were 
w i th in  a few p e r c e n t  o f  th e  i n i t i a l  e s t i m a t e s .  The f i t t i n g  o f  m u l t i p l e  
and c l o s e l y  o v e r l a p p in g  M(l) d o u b le t s  to  th e  s p e c t r a  o f  n a t u r a l  s u b - c a l c i c  
c l i n o p y r o x e n e s , in  which a c c u r a t e  s i t e  p o p u l a t i o n s  a re  unknown may r e s u l t  
in r e a s o n a b le  v a lu e s  o f  y2 > b u t  the  Mössbauer pa ram e te r s  de te rmined  from 
such a f i t  would be s t a t i s t i c a l l y  u n a c c e p ta b l e  because  o f  th e  poor 
r e s o l u t i o n  o f  the  M(l) d o u b l e t s .  Since the  n a t u r a l  samples chosen f o r  
t h i s  s tudy  l i e  c l o s e  t o  th e  d i o p s i d e - h e d e n b e r g i t e  and h e d e n b e r g i t e - j o h a n n s e n i t e  
t i e  l i n e s ,  no v a r i a t i o n s  in  nn c o n f i g u r a t i o n s ,  r e s u l t i n g  from ions  o t h e r  
than  Ca^+ occupying the  M(2) s i t e ,  would be e x p ec ted .  There may, however, 
be some e f f e c t s  a r i s i n g  from v a r i a t i o n  in  nn M(l) c o n f i g u r a t i o n s  r e s u l t i n g  
from rep lacem en t  o f  t h e  Fe^+ ion  by Mn^+ o r  Mg  ^+ in  t h e s e  samples .
Mössbauer h y p e r f in e  p a ram e te r s  have been p r e v i o u s l y  r e p o r t e d  
by B ancro f t  e t  f o r  c l in o p y ro x e n e s  c l o s e  to  the  d io p s id e - h e d e n b e r g i t e
t i e  l i n e .  The room te m p e ra tu re  v a lu e s  o f  the  quadrupole  s p l i t t i n g  were 
found to  vary  c o n s i d e r a b ly  from sample to  sample.  G e n e ra l ly ,  the  l a r g e s t
1 6 4 .
va lu e  r eco rd ed  (2.32  mm/sec) was a s s o c i a t e d  with  m in e ra l s  c l o s e  to  the 
h e d c n b e rg i t e  end member and the  lowes t  va lue  r eco rd ed  (1 .89 mm/scc) was 
found f o r  a d i o p s i d e .  The l i n e w i d t h s ,  found from a s i n g l e  M(l) d o ub le t  
f i t  to  the spec trum,  were between 0 .33  and 0.37 mm/sec.
Table 6 .6  (p .157) i n c lu d e s  the  v a lu e s  de te rmined  f o r  the  h y p e r f in e  
p a ram e te r s  o f  the  seven specimens to  H^. The com pos i t ions  have been 
g iven  p r e v i o u s l y  in  Table 6 .2  (p .1 4 9 ) .  No s y s t e m a t i c  v a r i a t i o n  with  
com pos i t ion  was observed  in  th e  f i t t e d  v a lu e s  f o r  AQ. A r e l a t i v e l y  low value  
o f  2.093 ± 0.007  jnm/sec was found f o r  sample which c o n ta in e d  a p p r o x i ­
m a te ly  60 mole% o f  the  d io p s id e  molecu le .  The s m a l l e r  v a lu es  o f  the 
quadrupole  s p l i t t i n g  observed  f o r  the  f e r r o u s  ion  in  the  M(l) s i t e  o f  
d i o p s i d e s , a s  compared w i th  those  found f o r  the  h e d e n b e r g i t e s , sugges t  t h a t  
t h e  M(l) s i t e  may be l e s s  d i s t o r t e d  in  th e  magnesium r i c h  members. All  
o f  t h e  remain ing  samples co n ta in e d  only  smal l  amounts o f  Mg^ + , g e n e r a l l y  
l e s s  than  10 mole %CaMgSi^O^. These were found to  g ive s i m i l a r  va lues  
f o r  AQ o f  2.28  ± 0 .03  mm/sec, a l th o u g h  t h e i r  i r o n  and manganese c o n t e n t s  
v a r i e d  c o n s i d e r a b l y .  F ur therm ore ,  the  measured isomer s h i f t  v a lu e s  f o r  
a l l  samples were i d e n t i c a l  to  w i th i n  the  ex p e r im e n ta l  e r r o r  o f  a p p r o x i ­
m a te ly  0.008 mm/sec.
The l i n e w id th s  i n d i c a t e d  in  Table 6 .3  (p .150) a r e  g e n e r a l l y  
s m a l l e r  th a n  those  r e p o r t e d  by B ancro f t  e t  a l , w ith  the  average va lue  
l y i n g  c l o s e  to  t h e i r  lower l i m i t  o f  0.33  mm/sec. This  f i g u r e  i s  s t i l l  
somewhat h i g h e r  than  the  va lue  o f  0.24 mm/sec found f o r  the n a t u r a l  i r o n  
s t a n d a r d  (p .37)  and a l s o  h i g h e r  than  t h e  v a lu es  de termined  f o r  both  
almandine g a r n e t  and o l i v i n e  in  Chapters  4 and 5. The r e l a t i v e l y  la rg e  
l i n e w id th s  found from th e  s i n g l e  d o u b le t  f i t  to  the  s p e c t r a  o f  t h e se  
h e d e n b e r g i t e s  s u g g es t  t h a t  t h e r e  may be s e v e r a l  c l o s e l y  o v e r l a p p in g  
d o u b le t s  r e s u l t i n g  from s l i g h t  v a r i a t i o n s  in  the  M(l) c o n f i g u r a t i o n s .
This may be a r e s u l t  o f  p u r e l y  random p o p u l a t i o n  o f  the  two a d j a c e n t  M(l) 
o c t a h e d ra  by the  Mg" + , Mn^+ o r  Fe^+ io n s .  There a re  undoubtedly  o t h e r
165.
contributing factors, such as strain or inhomogeneity of composition, which
(1291because of the relatively low degree of distortion of the M(l) octahedra 
in these hedenbergites would be expected to result in variation in hyperfine 
parameters, especially the magnitude of the quadrupole splitting.
An attempt was made to fit the powdered spectra of sample 
with three overlapping doublets. Initial area ratios of the doublets were 
calculated assuming random population of the two adjacent M(1) octahedra 
with the Fe^+ and Mn^+ ions. Although the final fits resulted in slightly 
lower values of x 2 > it was found that the final area ratios were sensitive 
to slight variations in the initial estimates of AQ, y and T. It is therefore 
considered that there is insufficient resolution of the M(l) doublets to 
obtain any meaningful area ratios from the three doublet fit to the spectrum. 
Thus the assumption of a separate M(l) doublet for each type of nn M(l) 
configuration could not be verified from the powdered spectrum due to 
insufficient resolution.
6.5.1 A Single Crystal Orientation Study at 295K
As described previously in Section 6.2, there are two possible 
orientations of the M(l) octahedra in the hedenbergite structure. The 
appropriate expression for the ratio of the two quadrupole-split peaks is 
then
AII 4[ (3+q2) /3] ^  + [3K-l+nK’] ^  ^= ----- ---- p------------ (6-1)
L 4[ (3+q )/3] 2 - [3K-l+nKf]
where K = sin20 [cos2({)Z2 + sin2$Z2] + sin20 cos({) Z Z + cos20 Z 2cl D 3- C C
and K' = sin20 [cos2(J)(X2-Y2) + sin2^(X2-Y2)] + sin20cosc})(X X -Y Y ) +cos20(X2-Y2)a a  D o  a c a c  c c
The notation is similar to that previously used in Section 5.6.2. Figure 
6.11 is a plot of the experimentally determined area ratios taken from 
Table 6.5. The direction cosines of the EFG principal axes, with respect 
to the crystallographic a*, b and c axes, and the asymmetry parameter q 
corresponding to the solid line fit to the experimental data are listed
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in  Table 6 . 7 .  
TABLE 6 . 7 .
S i t e n EFG d i r e c t i o n  c o s in e s
M(l) 0 .4  ± 0.3 v zz (0 .47 ,  0 .8 7 ,  0.16)
V
X X
( - 0 .6 0 ,  0 .46 ,  -0 .65)
V
y y
(0 .64 ,  - 0 .2 0 ,  -0 .74)
Reasonable  f i t s  cou ld  be found f o r  a wide range o f  r) v a l u e s ,  
b u t  t h e  r e s u l t i n g  o r i e n t a t i o n  o f  th e  EFG p r i n c i p a l  axes remained r e l a t i v e l y  
c o n s t a n t .  I t  would be ex p ec ted  t h a t  one o f  th e  EFG p r i n c i p a l  axes would 
be p a r a l l e l  to  th e  c r y s t a l l o g r a p h i c  b a x i s  as  the  M(l) s i t e  has  a two­
f o l d  symmetry a x i s  l y i n g  in  t h i s  d i r e c t i o n .  This  a x i s  i s  a symmetry 
e lement o f  t h e  f u l l  space group C2/c and i s  n o t  merely a pseudo-symmetry 
a x i s  o f  the  M(l) s i t e .  S ince  t h i s  a x i s  d iv i d e s  the  two s h o r t e s t  bond 
d i s t a n c e s ,  th e  EFG p r i n c i p a l  ax i s  p a r a l l e l  to  the  c r y s t a l l o g r a p h i c  b ax i s
should  be V . The d i r e c t i o n  c o s in e s  f o r  V , l i s t e d  in  Table 6 .7 ,  i n d i c a t e  zz zz
t h a t  t h i s  a x i s  i s  app rox im a te ly  30° from th e  b a x i s .  Even a l low ing  f o r  
a few p e r c e n t  r e d u c t i o n  in  the  measured a r e a  r a t i o  f o r  t h i c k n e s s  b roadening  
e f f e c t s  does n o t  reduce  t h i s  ang le  below 25°.  The d e p a r t u r e  o f  the  EFG 
p r i n c i p a l  a x i s  V^  from th e  b a x i s  s u g g e s t s  t h a t  a s u b s t a n t i a l  number o f  
the  M(l) s i t e s  do n o t  have a tw o - fo ld  a x i s  which was proposed  to  i n t e r p r e t  
the  X-ray d i f f r a c t i o n  d a t a  on h e d e n b e rg i t e ^  } . Th is  observed  b e hav iou r
can be a d e q u a te l y  e x p l a in e d  on a nn model in  which th e  a d j a c e n t  M(l) 
o c t a h e d r a  a re  randomly p o p u la t e d  by e i t h e r  the  Fe^+ o r  Mn  ^ ion .  A c a l c u ­
l a t i o n  o f  t h e  r e l a t i v e  p o p u l a t i o n s  o f  th e  two a d j a c e n t  M(l) o c t a h e d ra  f o r  
sample shows t h a t  some 40% o f  the  M(l) s i t e s  would have one nn Mn^
ion  and 7-6 two nn Mn io n s .  S ince  the  tw o - fo ld  symmetry o f  th e  M(l) s i t e ,
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which has two nn Fe or two nn Mn ions, is maintained only two types
of M(l) site need be considered. In 60% of the M(l) sites the EFG principal
axis, V , lies along the crystallographic b axis-, while in the remaining z z
40% of M(l) sites the V ^  lies in some other direction. The two dashed 
lines shown in Figure 6.11 are the theoretical ratios calculated from the 
parameters listed in the following Table 6.8. For comparison, the direction 
cosines of three M(l)-0 bond directions are included in the Table.
TABLE 6.8.
Site 0 EFG direction cosines
M(1) 0.5 ± 0.3 v z2 ' CO . 1 . 0  )
(0 or 2 nn Mn^+) V ~ (0.85, 0 , 0.53)
AA
Vyy - (-0.53, 0, 0.85)
M(l) 0.5 ± 0.3 V^  ~ (0.70, 0.60, 0.39)
(1 nn Mn^ ) V ~ (0.60,-0.79, 0.14)
Vyy ~ (-0.39,-0.14,0.91)
Bond Direction cosines
M(1) - 0(2C1) (0.63, 0.70, 0.35)
M(1) - 0(1B1) (0.53, -0.76, 0.37)
M(1) - 0(1A2) (-0.53, -0.01, 0.85)
The upper dashed line shown in Figure 6.11 represents the 
variation in area ratio of the upper to lower peak with a change in the 
angle (j) for the ferrous ion in sites which have nought or two nn Mn^ ions. 
The orientation of the EFG principal axes was chosen so that V was
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directed along the 010 axis, while V lay in the a c plane close to the 
0(1B2) - M(l) - 0(1A2) bond direction. This orientation was fixed in the 
subsequent fitting procedure in order to reduce the number of parameters 
involved. Since there is a relatively large percentage effect, about 20%, 
a small correction was applied to the calculated peak ratio to allow for 
saturation effects. Experimentally, the upper'peak’was found to be a 
few percent wider than the lower 'peak'. This is probably not a reliable 
indication of thickness broadening as on the nn model the observed peaks 
consist of several closely overlapping peaks making comparisons of indivi­
dual peak widths impossible. Several calculations have been previously 
presented which relate normalized spectrum area to absorber thickness * 131) 
Assuming ideal Lorentzian line shape, and a recoil-free fraction close to
unity, these calculations indicate that the required correction to the
2area ratio of the two peaks, corresponding to 12 mg/cm of natural iron 
and a peak area ratio of 3:1, is less than 5%. The recoil-free fraction 
is expected to be somewhat less than unity and rather arbitrarily a correction 
of 3% was applied to all the peak area ratios calculated for the ferrous 
ion in the M(l) sites with nought or two nn Mn^+ ions. No correction was 
applied to the calculated peak area ratios for the ferrous ion in the M(l) 
sites with one nn Mn^+ ion,as the fitted area ratios remained close to 
unity over all the range in orientations of the single crystal for which 
data was recorded. The weighted mean of the two area ratios,which are 
represented by the two dashed lines in Figure 6.11, correspond to the solid 
line fit discussed previously.
A comparison of the direction cosines listed in Table 6.8 shows
that in the M(l) sites,which have one nn Mn^+ ion, the EFG principal axes
lie close to the metal-oxygen bond directions. The result of substituting 
2+ 2 +a nn Fe ion with a Mn ion is sufficient to remove the two-fold symmetry
and hence rotate the V axis from the two-fold axis towards the shortzz
metal-oxygen bond direction. There is a corresponding change in the
170.
direction of V , which moves towards the longest metal-oxygen bond 
direction, but there appears to be little change in V which remains 
close to the 0(1B2) - M(l) - 0(1A2) bond direction.
6.5.2 Paramagnetic Temperature Dependence of the Quadrupole Splitting 
The experimentally determined values of the quadrupole splitting 
for sample H^ ., over the temperature range 28 to 748K, have been presented 
in Table 6.4 (p.152). Since it was not possible to resolve the individual 
doublets arising from different nn configurations, the measured value of 
AQ will be a weighted average of the three closely overlapping doublets. 
Initial fitting of the spectra with two additional doublets indicates that 
the value of AQ determined from a single doublet fit may differ from the 
value expected in the pure end member hedenbergite by as much as 0.08 mm/sec.
The solid line fit shown in Figure 6.5 (p.154) was calculated 
using an orthorhombic model with a Hamiltonian of the form given previously 
in Section 5.6.3 (p.119). In hedenbergite the orbital ground state is dxy
as suggested by the single crystal investigation of the previous section, 
where V was along the Z site axis (the crystallographic b axis). The 
best fit parameters are listed below in Table 6.9, together with the energy
separation A^ and A^ of 
the ground state.
TABLE 6.9.
the first and second excited orbital states above
B2 X < r-3 >Q Ai A2Sample 1 -1 -1 -1 -1(cm i) (cm ) (cm ) (a.u.) (cm ) (cm )
H5 -50 ± 5 ±50±10 75±15 4.4 ±0.3 400150 7001100
2Since the sign of the parameter could not be determined, it 
was not possible to assign the first two excited orbital states using this
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technique. It is expected that the first excited orbital state would be
d as this would result in V lying along the x site axis, consistent yz xx ö 0
with the single crystal investigation of the previous section. This 
assignment will be verified below from a study of the magnetic hyperfine 
spectra.
6.5.3 Interpretation of the Magnetic Hyperfine Spectra Recorded at 4K
Randomly oriented powdered absorbers: The corresponding peak
positions for samples , whose spectra are shown in Figure 6.7 (p.158),
are essentially the same and result in similar values for the hyperfine 
parameters as can be seen from Table 6.6 (p.157). All spectra have relatively 
broad peaks; generally the width of the outer two peaks in each spectrum 
is greater than 0.6 mm/sec, suggesting some inhomogeneities and/or substitu­
tional effects. The hyperfine parameters determined from these spectra are 
not sufficiently accurate to indicate any systematic changes in these 
parameters, which may occur with variations in composition. The average 
value for these parameters for all samples listed in Table 6.6 (p.157) are,
H = 180 ± 5 kOe, AQ = 2.72 ± 0.08 mm/sec,
6 = 1.30 ± 0.03 mm/sec, q = 0.05 + 0.9,
0 = 74° -* 90° , and <f> = 0° -* 40° .
The spectrum of sample which contains approximately 60 mole 
percent CaMgSi^O^ is shown in Figure 6.12. This spectrum was not fitted 
as it contains some ferric impurities, shown by arrows in Figure 6.12, and
is broadened considerably as a result of the large amount of Mg^+ substituted
2+ 2+ 2+ for the Fe ion. A random distribution of the Fe and Mg ions on the
M(l) sites will result in several possible configurations for each Fe^+
ion. Thus the magnetic hyperfine spectrum will reflect the amount of Mg^
present and the number of neighbours which have an influence on the central
ferrous ion.
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The M(l) o c t a h e d ra  form a s e r i e s  o f  s e r r a t e d  cha in s  l y i n g  in  
th e  c r y s t a l l o g r a p h i c  be p la n e .  Each f e r r o u s  ion on the  M(l) s i t e  has two 
a d j a c e n t  nn M(l) s i t e s  in the  chain  a t  a d i s t a n c e  o f  3.11 R. Within the 
u n i t  c e l l  each M(l) s i t e  has fo u r  nnn M(l) s i t e s  in the  f o u r  ne ighbour ing  
c h a i n s .  The c e n t r a l  M(l) s i t e  and th e  fo u r  nnn M(l) s i t e s  a l l  l i e  in 
the  c r y s t a l l o g r a p h i c  ab p lane  and the  nnn i s  6 .70 R from the  c e n t r a l  M(l) 
s i t e .
No agreement was o b t a in e d  between the  e x p e r i m e n t a l l y  observed  
i n t e n s i t i e s  and those  c a l c u l a t e d  on a two nn model; though a q u a l i t a t i v e  
agreement between th e o ry  and exper iment was found when a fo u r  ne ighbour  
model was employed.  Cons ider ing  only  fou r  n e ig h b o u rs ,  presumably  the  4 nnn,  
then  th e  spec trum comprises  f iv e  i n d i v i d u a l  s u b - s p e c t r a ,  whose r e l a t i v e  
a r e a  may be c a l c u l a t e d  from e x p r e s s io n  4-5 ( p . 6 5 ) . In c a l c u l a t i n g  the  peak 
p o s i t i o n s  f o r  each i n d i v i d u a l  sub -spec t rum ,  only  the  magnitude o f  the 
h y p e r f in e  f i e l d  was v a r i e d .  I t  i s  ex p ec ted  t h a t  changes in  AQ, 6, 0 and cf) 
a re  smal l  and do no t  r e s u l t  in  s u b s t a n t i a l  changes in  peak p o s i t i o n s .
These p a ram e te r s  were f i x e d  a t  the average v a lu es  found f o r  samples H^-Hl^. 
The r e l a t i v e  i n t e n s i t i e s  and peak p o s i t i o n s  a re  i n d i c a t e d  i n  F igure  6 .12 .  
Inc luded  in Table 6 .10  below a re  th e  r e l a t i v e  a r e a s  f o r  each o f  the  f i v e  
s u b - s p e c t r a ,  t o g e t h e r  with  the c o r re s p o n d in g  v a lues  o f  the h y p e r f in e  
f i e l d  used in  the  c a l c u l a t i o n .
TABLE 6 .10 .
Number o f  
nnn Fe^+ ions
R e l a t i v e
p r o b a b i l i t y
H (kOe)
4 0.026 180
3 0.346 165
2 0.346 150
1 0.154 135
0 0.129 0
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2+ 2 +Apart from the isolated Fe ions which have no nn Fe ions 
and result in a quadrupole doublet, each nn Fe^+ ion substituted by a 
Mg^+ ion results in a reduction in the hyperfine field of approximately 
15 kOe.
The qualitative agreement between the experimental and theoretically 
calculated peak intensities suggests that the nn exchange between the 
ferrous ions on the M(l) sites is relatively small and that the dominant 
exchange is between the nnn ferrous ions on M(l) sites which are in the four 
adjacent chains.
Single crystal absorbers: The spectra corresponding to the
two orientations of the single crystal have been presented in Figures 
6.8a and 6.8b (p.159). These spectra have linewidths which are somewhat 
narrower than those observed in the spectra of the powdered absorbers.
The outermost peaks in the spectra of the single crystal absorbers are 
approximately 0.45 mm/sec. Even so, these peakwidths are still relatively 
large, but since the sample contains 27 mole percent CaNtnSi^O^ some 
broadening due to substitutional effects would be expected.
With an externally applied field of 43 kOe along the crystallo­
graphic c axis and the y-rays directed along the a* axis, the resulting 
spectrum, see Figure 6.8c (p.159), may be resolved into two overlapping 
subspectra. The line position analysis gave the corresponding two hyperfine 
fields as H ± H^cosG where 0 = 55 ± 8°. This suggests that the spins are 
antiferromagnetically aligned and that the hyperfine fields are oriented 
at an angle of approximately 55° to the crystallographic c axis. Provided 
the orientation of the EFG is known, then a fit to the spectrum of an 
oriented single crystal absorber would result in similar information con­
cerning the orientation of the hyperfine field at the M(l) site. Two 
models have been previously proposed in Section 6.5.1, which give identical 
fits to the experimental data derived from the room temperature single 
crystal investigation. The first model involved only one orientation of
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the  EFG p r i n c i p a l  axes a t  the  M(l) s i t e ,  while  the  second model,  which 
c o n s i d e r e d  nn s u b s t i t u t i o n a l  e f f e c t s ,  r e q u i r e d  two d i f f e r e n t  o r i e n t a t i o n s  
o f  the  EFG p r i n c i p a l  axes .  Both models were used  when comparing the  
t h e o r e t i c a l l y  c a l c u l a t e d  s p e c t r a  with  the  e x p e r i m e n t a l l y  observed  h y p e r f in e  
s p e c t r a  a t  4K. The o r i e n t a t i o n  o f  the  y - r a y  wi th  r e s p e c t  to  the  EFG 
p r i n c i p a l  axes was de termined  f o r  the  f i r s t  model from Table 6 .7  (p.167) 
and f o r  the  second model from Table 6 .8  ( p .1 6 8 ) .  Although th e  s u b s t i t u t i o n  
o f  th e  Mn^+ ion  f o r  the  Fe^+ ion  r e s u l t s  in  a b roaden ing  o f  th e  peaks ,  
which i s  a p p a r e n t  in  F igure  6 .8 a  and b ( p . 159) no i n d i v i d u a l  s u b - s p e c t r a ,  
c o r r e s p o n d in g  to  th e  d i f f e r e n t  env i ronments  o f  the  Fe^+ io n ,  cou ld  be 
r e s o l v e d .  Thus the  two o r i e n t a t i o n s  o f  the  EFG proposed  in  the  second 
model a re  c o n s id e r e d  to  r e s u l t  in  s i m i l a r  peak p o s i t i o n s , and in  c a l c u l a t i n g  
th e  t h e o r e t i c a l  magnetic  h y p e r f in e  spect rum the  co r re s p o n d in g  peak p o s i t i o n s  
were assumed i d e n t i c a l .  A comparison o f  the e x p e r i m e n t a l l y  observed  
spec t rum ,  with  the  y - r a y  d i r e c t e d  along the  c r y s t a l l o g r a p h i c  b a x i s ,  and 
two s p e c t r a  c a l c u l a t e d  u s in g  the two models p r e v i o u s l y  d i s c u s s e d  i s  shown 
in  F igure  6 .1 3 .  S ev e ra l  va lues  o f  q ,  0 and (f) c o n s i s t e n t  w i th  the ranges  
l i s t e d  in  Table  6 .6  (p .157)  p r e v i o u s l y  de te rm ined  f o r  t h i s  sample from a 
l i n e  p o s i t i o n  a n a l y s i s ,  were t e s t e d .  B e t t e r  agreement  between th e o ry  
and exper im en t  was o b t a in e d ,  f o r  bo th  models ,  when va lues  c l o s e  t o  the 
lower end o f  the  ranges  in  the  h y p e r f in e  p a ram e te r s  were adop ted ,  t h a t  i s  
c l o s e  to  q = 0 .0 5 ,  0 = 75° and 0 = 0 ° .  A r e l a t i v e l y  smal l  va lue  o f  q would 
be ex p e c te d  f o r  the  M(l) s i t e  in  h e d e n b e r g i t e  as the  d i s t o r t i o n  from o r t h o ­
rhombic symmetry i s  s m a l l .
The spec trum c a l c u l a t e d  u s in g  the  second model g ives  s l i g h t l y
b e t t e r  agreement w i th  the  e x p e r i m e n t a l l y  obse rved  spec trum than  does the
spectrum c a l c u l a t e d  on the  f i r s t  model,  as can be seen from Figure  6 .1 3 .
Fur the rm ore ,  the  o r i e n t a t i o n  o f  th e  EFG p r i n c i p a l  axes found u s in g  the
f i r s t  model,  see Table 6 .7  ( p .1 6 7 ) ,  i s  n o t  c o n s i s t e n t  with  the  s i t e  symmetry
f 1281de te rm ined  from X-ray techn iques^  . On th e  o t h e r  hand,  the  second
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Fig .  6 .1 3 .  A comparison o f  the  e x p e r i m e n t a l l y  obse rved  spec trum with  the
s p e c t r a  c a l c u l a t e d  u s in g  th e  two proposed  models .
a) The e x p e r i m e n t a l l y  observed  spec trum,  w i th  the y - r a y  d i r e c t e d  
a long  the  b a x i s .  All  peak wid ths  have been norm al ized  to  
0.35 mm/sec.
b) The spec trum c a l c u l a t e d  u s in g  the  f i r s t  model,  w i th  p=0.05,  9=75°, 
4>=0°, ct=29° and 3=156°.
c) The spec trum c a l c u l a t e d  u s in g  the  second model.  This  spectrum 
compr ises  two s u b s p e c t r a ,  w i th  r)=0.05, 0=75°,  <j)=0°, a=0 (3 undef ined  
and n = 0 . 1, 9=76°, 0=20°,  a=53°,  3=10°,  and hav ing  an a r e a  r a t i o  o f  
3:2 r e s p e c t i v e l y .
(All  the  c a l c u l a t e d  s p e c t r a  have H=184 kOe, AQ=2.77 mm/sec and
6=1.30 mm/sec)
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model p r o v id e s  a p l a u s i b l e  e x p l a n a t i o n  f o r  th e  two d i f f e r e n t  o r i e n t a t i o n s  
o f  the  EFG p r i n c i p a l  axes in  terms o f  d i s t o r t i o n s  o f  the M(l) o c t a h e d ra  
by nn e f f e c t s .  Thus,  the  second model i s  to  be p r e f e r r e d  over th e  f i r s t  
mode l .
From the an g le s  l i s t e d  in  F igure 6 .13  and Table 6 .8  ( p .1 6 8 ) ,  the  
o r i e n t a t i o n  o f  the  h y p e r f in e  f i e l d  with  r e s p e c t  to  the  c r y s t a l l o g r a p h i c  
c a x i s  f o r  60% o f  the  M(l) s i t e s  w i th  nought o r  two nn Mn^+ ions  i s  found 
to  be 59° ,  while  f o r  the  remain ing  40% o f  M(l) s i t e s  witli one nn Mn^+ ion  
the  angle  i s  ap p ro x im a te ly  57°.  These ang les  a re  i n  good agreement w i th  
the  va lue  o f  55±8° de te rmined  p r e v i o u s l y  from th e  s p e c t r a  o b t a in e d  wi th  
the e x t e r n a l l y  a p p l i e d  f i e l d  along the c r y s t a l l o g r a p h i c  c a x i s .
6 . 5 . 4  Assignment o f  the O r b i t a l  S t a t e s  o f  Fe^ in  the  M(l) S i t e s
The s o l i d  l i n e  f i t ,  r e p r e s e n t i n g  the  te m pera tu re  dependence of  
the  h y p e r f in e  f i e l d  and shown in  F igure 6 .10  ( p .1 6 2 ) ,  was c a l c u l a t e d  u s in g  
a Hamiltonian  o f  or thorhom bic  symmetry s i m i l a r  t o  t h a t  d e s c r ib e d  p r e v i o u s l y  
in  s e c t i o n  5 . 6 . 5  (p .132)  f o r  o l i v i n e .  Inc lude d  in  Table 6 .1 1 ,  below, are 
the  f i t t e d  p a ram e te r s  t o g e t h e r  w i th  t h e i r  e s t i m a t e d  e r r o r s .
TABLE 6 .1 1 .
B2 B2 X < r - 3 > J h
(c m '1) (cm-1 ) ( c m '1)
m
( a . u . ) ( c m '1)
c
(kOe)
-50±5 -50±10 80±15 4 .0 ± 0 .2 10±2 440±20
-3A r e d u c t i o n  in  Ä, <  r  >  and h^ o f  app rox im a te ly  20% from t h e i r  
f r e e  ion  v a l u e s ,  as a r e s u l t  o f  covalency  e f f e c t s ,  i s  s i m i l a r  to  t h a t  
observed  f o r  th e  f e r r o u s  ion  on the  M(2) s i t e  in f a y a l i t e .  This  i s  n o t  
e n t i r e l y  unexpec ted  as the  M(l) s i t e  in  h e d e n b e rg i t e  and the  M(2) s i t e  
in  f a y a l i t e  a re  s i m i l a r  in  s i z e  and c o n f i g u r a t i o n .
1 7 8 .
2
Since  i s  n e g a t i v e ,  the  f i r s t  e x c i t e d  o r b i t a l  s t a t e  co r responds
to  d and th e  second e x c i t e d  s t a t e  i s  d . A n  ass ignment o f  the  two yz zx
uppermost  e x c i t e d  o r b i t a l  s t a t e s ,  co r re s p o n d in g  to  the ^E s e t ,  cannot  be
made from the Müssbauer d a t a .  However, p o l a r i z e d  o p t i c a l  a b s o r p t i o n  s p e c t r a
(132)o f  h e d e n b e r g i t e  have been p r e s e n t e d  by Burns and Huggins . They observed
a s t r o n g  3 - p o l a r i z e d  band a t  app rox im a te ly  9600 cm * and a weaker band o f
p redom inan t ly  a  p o l a r i z a t i o n  a t  about  8500 cm \  which they a s s i g n  to  the
s e t  o f  o r b i t a l s  a r i s i n g  from the  f e r r o u s  ion  on the  M(l) s i t e .  F igure
6 .14  shows the.  p o l a r i z e d  a b s o r p t i o n  s p e c t r a  o f  a h e d e n b e rg i t e  taken  d i r e c t l y
(132)from Bums and Huggins
This Mössbauer i n v e s t i g a t i o n  s u g g e s t s  t h a t  in  the  h e d e n b e rg i t e  
end member the  ground s t a t e  i s  d , which t r an s fo rm s  as A2 in  symmetry. 
The ^E o c t a h e d r a l  s t a t e s  in  CL t r a n s fo rm  as A, and B , . Only one t r a n s i t i o n  
would be expec ted  between the  ground s t a t e  and th e  upper  ^E s e t  as the 
A2 -*■ A  ^ t r a n s i t i o n  i s  fo rb id d en  in  t h i s  symmetry. The expec ted  t r a n s i t i o n  
A2 B i s  Y p o l a r i z e d  and shou ld  appea r  p redom inan t ly  in  th e  a - p o l a r i z e d  
o p t i c a l  s p e c t r a .  S ince  the f i r s t  e x c i t e d  o r b i t a l  s t a t e  i s  >350 cm  ^ above 
the  ground s t a t e ,  the  room tem pera tu re  bands in  the  o p t i c a l  s p e c t r a  mainly
a r i s e  from the  ground s t a t e .  The ass ignment o f  the  s t r o n g  3 - p o l a r i z e d
-1 . (132)band a t  9600 cm in  the  o p t i c a l  s p e c t r a  p r e s e n t e d  by Burns and Huggins
to  a c r y s t a l  f i e l d  t r a n s i t i o n  in  Fe^+ io ns  l o c a t e d  on the M(1) s i t e s  i s
c l e a r l y  n o t  com pat ib le  w i th  the  above e x p e c t a t i o n s .  The p o l a r i z e d  a b s o r p t i o n
s p e c t r a  f o r  sample H^ were measured by Dr. E.R. Vance, Department o f
S o l id  S t a t e  P h y s i c s ,  A.N.U. The a and y s p e c t r a  were found to  be e s s e n t i a l l y
(132)the same as those  observed  by Burns and Huggins , bu t  the band a t
12,200 cm  ^ a s s ig n e d  by them to  Fe^+-*Fe^ + charge t r a n s f e r  was n o t  observed
in  any p o l a r i z a t i o n .  F ur therm ore ,  on ly  a r e l a t i v e l y  weak 3 p o l a r i z e d  band
was obse rved ,  c e n t r e d  around 9600 cm f o r  sample EL and s u g g es t s  t h a t
(132)the s t r o n g  3 p o l a r i z e d  band obse rved  by Burns and Huggins does n o t
r e s u l t  from c r y s t a l  f i e l d  t r a n s i t i o n s  in  Fe^+ ions  on M(l) s i t e s .  This
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Polarized absorption spectra of a hedenbergite. The 
calcic clinopyroxene has the formula Ca> r.-,Mg« ■.■»Feo.v.SbOo 
and contains 25.78 percent FeO and 1.53 percent FeTT. It 
is specimen 2B in Mueller (1960) Amer. J. Sei. 258, 449.
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Fi. 2  6 14 The p o l a r i z e d  a b s o rp t io n  s p e c t r a  o f  a h e d e n b e rg i te
' . (132)
( taken  d i r e c t l y  from Burns and Huggins ) .
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3+ 2+band may result from charge transfer between neighbouring Fe and Fe 
ions on the M(l) and M(2) sites, the line of separation lying along the 
b axis.
The predominantly a-polarized band at 8500 cm  ^ observed in the
optical spectra of sample and which has been observed in all previous 
(129 132)optical spectra * may be assigned to the crystal field
transitions of the Fe^+ ions on the M(l) sites. The additional band, which
is also predominantly a-polarized, observed in the spectra of around
-1 (132)10,400 cm was observed by Burns and Huggins and assigned by them
to crystal field transitions in the Fe^+ ions on M(2) sites. If this
assignment is correct, then this would suggest that sample H_, may also
contain a few percent of Fe^+ ions on the M(2) site, although this was
not indicated by the microprobe analysis of section 6.3. In subcalcic
clinopyroxenes an additional band, which has been assigned to Fe^+ on the
(129) -1M(2) site , is observed at about 4500 cm . Subsequently, the range
over which optical absorption spectra were collected was extended down to 
approximately 4100 cm 1. No detectable peak was observed in any polariza­
tion around 4500 cm * and if present would certainly be less than 5% of 
the intensity of the peaks observed around 10,400 cm *. This would imply 
that a negligible amount of Fe^+ is present on the M(2) site in sample 
and hence the bands observed near 10,400 cm  ^ in the optical spectra of 
this sample appear to arise from the ferrous ion on the M(l) site. The 
presence of two bands at approximately 10,400 cm  ^ and 8,500 cm  ^ in the 
optical spectra of sample H_, which are of similar intensity and polariza­
tion, would indicate that the symmetry at a significant number of the M(1) 
sites is substantially less than (^ . -^n samPle My the presence of the
Mn^+ ion on a neighbouring M(l) site is sufficient to rotate the EFG 
principal axis V from the original two-fold axis to the short metal-oxygen 
bond direction. This additional distortion resulting from the substitution 
of the larger Mn^+ ions on neighbouring M(l) sites might be sufficient to
1 8 1 .
e x p l a in  the observed  i n t e n s i t y  o f  the  two bands a t  10,400 cm  ^ and 8,500 cm 
i n  the  o p t i c a l  s p e c t r a  o f  sample H^.
1 8 2 .
CHAPTER 7.
Concluding Remarks
Müssbauer s p e c t r a  have been p r e s e n t e d  f o r  t h r e e  ty p e s  o f  f e r r o u s  
s i l i c a t e s ,  v i z .  almandine g a r n e t ,  o l i v i n e  and h e d e n b e r g i t e , o ve r  a wide 
range o f  t e m p era tu re s  co v e r in g  the  pa ram agne t i c  and m a g n ö t i c a l l y  o r d e r e d  
r e g i o n s .  The i n t e r p r e t a t i o n  o f  t h e se  s p e c t r a  has p ro v id ed  i n f o r m a t io n  on 
magnet ic  s t r u c t u r e ,  exchange i n t e r a c t i o n s ,  c a t i o n  o r d e r i n g ,  s i t e  p o p u l a ­
t i o n s  and the  3 d - c r y s t a l  f i e l d  l e v e l s .
G e n e ra l l y ,  the  samples c o n t a in e d  a v a r i e t y  o f  i o n s ,  such as Mg2+, 
Ca2+ and Mn2+, occupying the  a v a i l a b l e  Fe2 + s i t e s  in  v a ry in g  c o n c e n t r a t i o n s  
and en a b le d  s u b s t i t u t i o n a l  e f f e c t s  to  be i n v e s t i g a t e d .  These e f f e c t s  were 
e v i d e n t  in  a l l  s p e c t r a  t o  a v a ry in g  e x t e n t  and w i l l  be d i s c u s s e d  in  more 
d e t a i l  below.
Almandine g arnet:  The s u b s t i t u t i o n  o f  d iam agne t ic  Mg2+ f o r  Fe2+ in  th e
8 - c o o r d i n a t e d  s i t e  in  almandine g a r n e t  was i n v e s t i g a t e d  a t  low t e m p e r a t u r e s .  
The magnet ic  h y p e r f in e  spec trum was s u p e r f i c i a l l y  r e s o l v e d  i n t o  two o v e r ­
la pp ing  s u b s p e c t r a .  The g e n e ra l  f e a t u r e s  o f  the  spect rum were e x p l a i n e d
in  terms o f  the  d i f f e r e n t  p o s s i b l e  magnet ic  c o n f i g u r a t i o n s  s u r ro u n d in g  th e  
2+ 2+ 2+c e n t r a l  Fe ion  as a r e s u l t  o f  Fe o r  Mg randomly p o p u l a t i n g  the  4 
n e a r e s t  n e ighbour  8 - c o o r d in a t e d  s i t e s .  The e f f e c t  o f  s u b s t i t u t i n g  one nn 
Fe2+ ion  wi th  the  d iam agne t ic  ion  r e s u l t e d  i n  a s u b s t a n t i a l  change in  
o r i e n t a t i o n  o f  the  h y p e r f in e  f i e l d  a t  the  c e n t r a l  ion  s i t e .  This  e n a b le d  
a b e t t e r  e s t i m a t e  to  be made o f  the  d i r e c t i o n  o f  the  h y p e r f in e  f i e l d  in  
the  pure  end member a lmandine ,  even though the  range in  o r i e n t a t i o n  o f  the  
h y p e r f in e  f i e l d  de te rmined  from a l i n e  p o s i t i o n  a n a l y s i s  was r e l a t i v e l y  
l a r g e .
Two p r e v io u s  ass ignments^  * J o f  the  3d c r y s t a l  f i e l d  l e v e l s
( 85Twere d i s c u s s e d .  The model o f  Runciman and Sengupta^ J was found to
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i n c lu d e  s e v e r a l  mathemat ica l  e r r o r s  and the  c o r r e c t e d  v e r s io n  was p r e ­
s e n t e d .  A p o i n t  charge c a l c u l a t i o n  i n c lu d i n g  on ly  the  f i r s t  c o o r d in a t io n  
sphere  was p r e s e n t e d  in  S e c t io n  4 . 5 . 1  and the  new ass ignment d i f f e r e d
f 811
from t h a t  p roposed  by White and Moore^ . This new ass ignment was s u p ­
p o r t e d  by a d e t a i l e d  a n a l y s i s  o f  the  ground s t a t e  wave f u n c t i o n ,  which was 
d e r iv e d  u s in g  a simple p e r t u r b a t i o n  t e c h n iq u e .  In the  a n a l y s i s  a co ­
va lency  f a c t o r  a 0.95  was assumed.  A r e c e n t  e s t i m a t e  by Evans and
S e r g e n t ^ ^  o f  a ^  w 0.75 i s  c o n s id e r a b ly  s m a l l e r .  This e s t i m a t e  
was based  on a d i r e c t  comparison o f  the e x p e r i m e n t a l l y  observed  quadrupole  
s p l i t t i n g  a t  90K w i th  the maximum ex p e c te d  va lue  o f  4 .8  mm/sec f o r  a com­
p l e t e l y  i o n i c  Fe^+ io n .  This  maximum va lue  i s  somewhat h i g h e r  than  the  
va lue  adopted  in  t h i s  work.  Using the  g e n e r a l l y  accep ted  v a lues  o f  Q and 
(1-R) < r  (see S e c t io n  2 . 6 ) ,  a va lue  o f  4 .0  mm/sec, which i s  con­
s i d e r e d  a c c u r a t e  to  about  10%, was o b t a in e d .  Fur thermore ,  Evans and 
(133)S e rg en t  n e g l e c t e d  the  l a t t i c e  c o n t r i b u t i o n ,  s p i n - o r b i t  co u p l in g  and
the p o p u l a t i o n  o f  h i g h e r  e x c i t e d  s t a t e s  a t  90K. The i n c l u s i o n  o f  th e se
n e g l e c t e d  f a c t o r s  and a s l i g h t  r e d u c t i o n  in  the  maximum value  o f  AQ o f
24 .8  mm/sec, say  to  4 .4  mm/sec, would r e s u l t  i n  a lower l i m i t  f o r  o f
app rox im ate ly  0 .8 5 .  A comparison o f  the  c a l c u l a t e d  v a lues  o f  magnetic
(79)moment w i th  the  va lue  de te rmined  e x p e r i m e n t a l l y  by P r a n d l v sugges ted  
t h a t  th e  new ass ignment  based  on the  p o i n t  charge c a l c u l a t i o n  and i n c l u d ­
ing  only  the nn oxygen atoms was to  be p r e f e r r e d  o ve r  the ass ignment
p roposed  by White and Moore (81) A s i g n i f i c a n t  change in  t h e  c a l c u l a t e d
v a lu es  o f  magnetic  moment would n o t  be e x p ec ted  from a r e c a l c u l a t i o n  us ing
2
a s m a l l e r  va lue  o f  a c ^  0.85 and hence the  a n a l y s i s  s t i l l  su p p o r t s  the 
ass ignment d e r iv e d  from the p o i n t  charge c a l c u l a t i o n .
O liv in e :  The p a ram agne t i c  s p e c t r a  o f  s e v e r a l  s y n t h e t i c  i r o n - o l i v i n e s ,
c o n t a in in g  v a ry in g  amounts o f  Fe^+ , Mg^+, Mn^+ and Ca^+ were i n v e s t i g a t e d .  
The two d o u b le t s  which r e s u l t  from Fe^+ on the  M(l) and M(2) s i t e s  were 
p a r t i a l l y  r e s o l v e d  above room te m p era tu re  and the  do u b le t s  a s s ig n e d  by
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comparison o f  co m p o s i t io n a l  t r e n d s  in  samples c o n t a i n i n g  v a ry in g  degrees  
o f  Mg, Mn and Ca s u b s t i t u t i o n .  This  ass ignment was l a t e r  v e r i f i e d  by 
h igh  te m pera tu re  s t u d i e s  o f  a s i n g l e  c r y s t a l  o f  n a t u r a l  o l i v i n e  in which 
i t  was p o s s i b l e  to  a s s ig n  the  EFG p r i n c i p a l  axes f o r  both  s i t e s .
S i t e  p o p u la t i o n s  were de te rmined  f o r  the  s y n t h e t i c  o l i v i n e s  and
found to  be in  r e a s o n a b le  agreement  w i th  p r e v io u s  s t u d i e s  * 1 1  "S') .
2+In a l l  the  s y n t h e t i c  samples the  Fe was found to  p r e f e r  the  s m a l l e r ,  
more d i s t o r t e d  M(l) s i t e .  The degree  o f  s i t e  p r e f e r e n c e  in  the  Fe-Mg 
o l i v i n e s  was found to  be h i g h e r  th a n  g e n e r a l l y  found in  t h e i r  n a t u r a l  
a n a l o g u e ^ 03'* and i s  though t  t o  be a s s o c i a t e d  wi th  the  r a p i d  quenching o f  
th e s e  s y n t h e t i c  m in e ra l s  and the g r e a t e r  p r e f e r e n c e  f o r  the M(l) s i t e  a t  
h i g h e r  t e m p e r a t u r e s .  On the  o t h e r  hand,  in  the  n a t u r a l  s i n g l e  c r y s t a l  
o f  o l i v i n e  s l i g h t l y  more i r o n  was found on the M(2) s i t e  than the  M(l) 
s i t e ,  s u g g e s t i n g  t h a t  t h i s  sample had c r y s t a l l i z e d  a t  r e l a t i v e l y  low temp­
e r a t u r e s  .
The te m pera tu re  dependence o f  the  quadrupole  s p l i t t i n g  was used 
to  e s t i m a t e  the  s e p a r a t i o n  o f  the  ground and f i r s t  e x c i t e d  c r y s t a l - f i e l d  
s t a t e s  o f  the  Fe^+ ion  in  bo th  the M(l) and M(2) s i t e s  o f  f a y a l i t e  and 
o l i v i n e .  I t  was found t h a t  th e  t e m pera tu re  dependence o f  the  quadrupole  
s p l i t t i n g  gave no i n d i c a t i o n  as to  the  n a t u r e  o f  the  3d c r y s t a l - f i e l d  
l e v e l s .  The t h r e e  lowes t  l e v e l s  were a s s ig n e d  from the  o r i e n t a t i o n  o f  
the  EFG p r i n c i p a l  ax i s  and a knowledge o f  the  changes in  the  asymmetry 
pa ram e te r  q w i th  t e m p e ra tu r e .  T h e i r  ass ignment was v e r i f i e d  from an a n a l ­
y s i s  o f  the magnetic  h y p e r f i n e  s p e c t r a  o f  f a y a l i t e .  The ass ignment o f
the  t h r e e  lower o r b i t a l  s t a t e s  o f  the  Fe^+ ion on the M(2) s i t e  was found
(97)to  be in  agreement w i th  a p r e v io u s  ass ignment o f  Runciman et_ ad_ . No 
p re v io u s  ass ignment f o r  the  Fe^+ ion  on the  M(l) s i t e  has been a t tem p ted ,  
b u t  peaks observed  a t  11,700 cm  ^ and 9 ,000  cm  ^ i n  the  o p t i c a l  a b s o rp t io n  
s p e c t r a  r e s u l t  from Fe^+ on the  M(l) s i t e ^ ^ .  No ass ignment o f  the se  
l e v e l s  was a t t e m p te d  in  the  p r e s e n t  work as th e  s i t e  i s  cen t rosym m etr ic
185 .
-1  -1and the observed  bands a t  11,700 cm and 9,000 cm r e s u l t  from v i b r a -
( 9 9 ')
t i o n a l  c o u p l in g  whose e x a c t  mechanism has  y e t  to  be e s t a b l i s h e d  . A 
f u r t h e r  c o m p l ic a t in g  f a c t o r  which p r e c l u d e s  an unambiguous ass ignment o f  
the upper  two c r y s t a l  f i e l d  l e v e l s  was the  r e l a t i v e l y  poor  approxim ation  
to  rhombic symmetry o f  the  M(l) s i t e .  This  was e v i d e n t  in  the  r e l a t i v e l y  . 
l a rg e  d e v i a t i o n ,  up to  15°, o f  the  EFG p r i n c i p a l  axes from the  bond d i r e c ­
t i o n s ,  the  d i f f i c u l t y  in  f i t t i n g  the  t em pera tu re  dependence o f  the  hype r -  
f in e  f i e l d  w i th  an o r thorhombic  model and th e  r e l a t i v e l y  h igh  value  o f  q 
a t  4K, which s u g g e s te d  a r e l a t i v e l y  h igh  degree o f  mixing o f  the  ground 
s t a t e  w i th  h i g h e r  e x c i t e d  s t a t e s .  A more r e l i a b l e  s e t  o f  c r y s t a l  f i e l d  
l e v e l s  compatib le  with  the  c r y s t a l l o g r a p h i c  d a t a  o f  the  M(l) s i t e  and a 
d e t a i l e d  te m pera tu re  dependence s tudy  o f  the  p o l a r i z e d  o p t i c a l  a b s o rp t i o n  
s p e c t r a  w i l l  be r e q u i r e d  b e f o r e  the  o p t i c a l  a b s o r p t i o n  spect rum o f  o l i v i n e  
i s  f u l l y  u n d e r s to o d .
MtJssbauer s p e c t r a  o f  f a y a l i t e  have been p r e s e n t e d  and cover  the
m a g n e t i c a l l y - o r d e r e d  r e g io n .  The p r e s e n t  a l l o c a t i o n  o f  the  two o v e r l a p p in g
s u b s p e c t r a  to  the  f e r r o u s  ion  on the  M(l) and M(2) s i t e s  ( t h a t  i s ,  the
la rg e  h y p e r f in e  f i e l d  a s s ig n e d  to  Fe^+ on M(2) s i t e )  i s  o p p o s i t e  to  t h a t
(17)o f  a p re v io u s  ass ignment o f  Kundig . The p r e s e n t  as s ignment was based  
on t r e n d s  i n  quadrupole  s p l i t t i n g  and isomer  s h i f t  v a l u e s ,  and i s  c o n s i s ­
t e n t  w i th  observed  low te m pera tu re  s p e c t r a  o f  Ca and Mn o l i v i n e s  in  which 
the s i t e  p r e f e r e n c e  had been p r e v i o u s l y  de te rm ined .
The l a rg e  u n c e r t a i n t y  in  the o r i e n t a t i o n  o f  the  h y p e r f in e  f i e l d ,  
found by f i t t i n g  the low te m p era tu re  powdered s p e c t r a  o f  f a y a l i t e ,  was 
somewhat reduced  f o r  the  Fe^+ ion  on the  M(2) s i t e  by comparison with  the 
sp in  s t r u c t u r e  p roposed  to  e x p l a i n  the  n eu t ro n  d i f f r a c t i o n  d a t a ^ ^ ^ ^ .
The o r i e n t a t i o n  o f  the  h y p e r f i n e  f i e l d  a t  the  M(l) s i t e  found in t h i s  
i n v e s t i g a t i o n  s u g g e s t s  t h a t  the  s p in  d i r e c t i o n s  p roposed  by Cox et_ a l
were to  be p r e f e r r e d  over  the  s p in  d i r e c t i o n s  p roposed  by San toro  et_ a l  
Fur thermore ,  i t  was shown t h a t  the  change in  d i r e c t i o n  o f  the  h y p e r f in e
( 21 )
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f i e l d  a t  the  M(l) s i t e  over  th e  tem p era tu re  range 4 to  65K was l e s s  than
10°, in  c o n t r a d i c t i o n  to  th e  i n t e r p r e t a t i o n  o f  the  n eu tro n  d i f f r a c t i o n  d a ta  
( 21 )by S an to ro  et_ a l  , who su g g e s t  a l a rg e  change in  sp in  o f  ap p ro x im ate ly  
45° n e a r  23K.
The i n v e s t i g a t i o n  o f  the  i r o n - o l i v i n e s  c o n ta in in g  v a ry in g  amounts 
2 + 2+ 2 +o f  Ca , Mn and Mg a t  4K i n d i c a t e s  t h a t  a change in  o r i e n t a t i o n  o f  the  
h y p e r f in e  f i e l d  o c c u rre d  in  bo th  th e  Ca and Mn o l i v i n e s  w ith  change in  
com p o si t io n .  The r e l a t i v e l y  b ro ad  spectrum  observed  f o r  (Ca^ 25Fe0 7 5 ^ 2 ^ ^ 4  
was i n t e r p r e t e d  as r e s u l t i n g  p r i n c i p a l l y  from a range in  magnitude and o r i e n ­
t a t i o n  o f  th e  h y p e r f in e  f i e l d s .  The sp in  a t  the  M(l) s i t e  i s  ex p ec ted  to  
v ary  from an a n t i f e r r o m a g n e t i c  a lignm ent in  samples o f  com p o si t io n s  c lo se  to  
t h a t  o f  i r o n  m o n t i c e l l i t e  to  th e  can te d  fe r ro m a g n e t ic  a l ignm ent proposed  f o r  
th e  s p in  a t  t h a t  s i t e  in  f a y a l i t e ,  from th e  n e u tro n  d i f f r a c t i o n  i n v e s t i g a t i o n  
o f  Cox ert al_^96  ^ . In the  manganese i r o n  o l i v i n e s  a sm all change in  s p in  a t  
th e  M(l) s i t e  was observed  and i s  n o t  u nexpec ted ,  as  the  two end members, 
Fe^SiO^ and Mn^SiO^, have d i f f e r e n t  sp in  s t r u c t u r e s  .
A m o lecu la r  f i e l d  model was used  to  f i t  the  v a r i a t i o n  in  T.. o f  th eN
manganese i r o n - o l i v i n e s  and g iv e s  a rough e s t im a te  o f  th e  exchange i n t e r ­
a c t io n s  w i th in  th e  s t r u c t u r e .  I t  was found t h a t  th e  dominant exchange was 
between th e  Fe^ + on th e  M(l) and M(2) s i t e s  and th e  w eakest between the  Fe^
on M(l) s i t e s .  This  i s  c o n s i s t e n t  w ith  the  proposed  can ted  fe r ro m a g n e t ic
a lignm ent o f  s p in s  a long  th e  c r y s t a l l o g r a p h i c  c a x i s ^ ' * .
Hedenbevgite: There have been no p r e v io u s ly  r e p o r te d  s p e c t r a  o f  hedenber-
g i t e s  a t  te m p e ra tu re s  low enough to  produce m agnetic  o rd e r .  The m a g n e t ic a l ly  
s p l i t  h y p e r f in e  s p e c t r a  p r e s e n t  in  t h i s  work were found to  be s i m i l a r  d e s p i t e  
a l a rg e  v a r i a t i o n  in  Fe^+ and Mn^+ c o n te n t ,  and to  y i e l d  s i m i l a r  v a lu e s  fo r
th e  h y p e r f in e  f i e l d s  a t  4K, i n d i c a t i n g  t h a t  th e  Fe-Mn exchange was no t very
d i f f e r e n t  from the  Fe-Fe exchange.
Two models were p r e s e n te d  which e x p la in e d  e q u a l ly  w e ll  th e  e x p e r i ­
m ental d a ta  o b ta in e d  from the  room te m p era tu re  s in g l e  c r y s t a l  o r i e n t a t i o n
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s t u d i e s .  The f i r s t  model assumed only  one type o f  M(l) s i t e  and r e s u l t e d  
i n  V l y i n g  some 25° from the  tw ofo ld  a x i s  o f  the  s i t e .  The second model 
proposed  t h a t  the  s u b s t i t u t i o n  o f  a Mn2 + ion  f o r  a Fe2 + ion  in  the  n e i g h ­
bou r in g  M(l) s i t e  produced s u f f i c i e n t  d i s t o r t i o n  to  reduce the  tw ofo ld  
symmetry o f  the c e n t r a l  Fe2 s i t e .  Assuming a random d i s t r i b u t i o n  o f  the 
Fe2 and Mn2 io n s ,  i t  was found t h a t  i n  about  60% o f  the  M(l) s i t e s  the 
Vzz p r i n c i p a l  a x i s  l a y  c lo se  to  th e  twofo ld  a x i s  o f  th e  s i t e ,  w h i le  in  the  
remain ing  40% the  EFG p r i n c i p a l  axes app rox im ate ly  c o in c id ed  w i th  the  bond 
d i r e c t i o n s .  When comparing the r e l a t i v e  i n t e n s i t i e s  o f  the  peaks  in  the 
magnetic  h y p e r f i n e  spec trum o f  the  s i n g l e  c r y s t a l  w i th  the  c a l c u l a t e d  i n t e n ­
s i t i e s ,  the  second model gave s l i g h t l y  b e t t e r  agreement than the  f i r s t  model.
The o r i e n t a t i o n  o f  the  h y p e r f i n e  f i e l d  w i th  r e s p e c t  to  the  c r y s t a l l o g r a p h i c  
c a x i s  a t  bo th  types  o f  M(l) s i t e s  was found to  be s i m i l a r  and c o n s i s t e n t  
w i th  the  va lue  de te rmined  from a p p l i c a t i o n  o f  an e x t e r n a l  f i e l d  to  an o r i e n t e d  
s i n g l e  c r y s t a l .  S ince the  o r i e n t a t i o n  o f  the  h y p e r f in e  f i e l d  w i th  r e s p e c t  
to  the  EFG p r i n c i p a l  axes was found to  be s i m i l a r  f o r  the two types  o f  M(l) 
s i t e s ,  the two s e p a r a t e  o r i e n t a t i o n s  o f  the  EFG p r i n c i p a l  axes s u g g e s t s  t h a t  
the h y p e r f in e  f i e l d  has  two d i f f e r e n t  o r i e n t a t i o n s  which a re  r e l a t e d  by a 
r o t a t i o n  o f  app rox im ate ly  60° around the  c r y s t a l l o g r a p h i c  c a x i s .
As su g g e s te d  by t h i s  MtJssbauer i n v e s t i g a t i o n ,  the  ground s t a t e  in  
h e d e n b e rg i t e  i s  d ^ ( A ^ ) . This  ground s t a t e  i s  n o t  compatib le  w i th  the  
ass ignment o f  the  s t r o n g  ß - p o l a r i z e d  band,  observed  in  p re v io u s  a b s o r p t i o n  
s p e c t r a ^ '132'*, t o  c r y s t a l  f i e l d  t r a n s i t i o n s  i n v o l v in g  the  Fe2+ ions  on the
M(l) s i t e s .  This  band i s  a b s e n t  on the  p o l a r i z e d  a b s o r p t i o n  s p e c t r a  o f  H^.
-1 -1The bands a t  10,000 cm and 4,500 cm which have been observed  i n  o t h e r
2+ (1291ca lc ium  d e f i c i e n t  pyroxenes  and a s s ig n e d  to  the  Fe ion  in  the  M(2) s i t e s ^  J
were n o t  observed  in  the  spec t rum o f  and would s u g g es t  t h a t  i f  i r o n  i s
p r e s e n t  i n  the  M(2) s i t e ,  t h e n  i t s  c o n c e n t r a t i o n  in  t h a t  s i t e  i s  r e l a t i v e l y
-1s m a l l .  In th e  o p t i c a l  s p e c t r a  o f  on ly  two bands a t  app ro x im a te ly  10,400 cm 
and 8,400 cm  ^ were obse rv ed ;  the  bands had s i m i l a r  i n t e n s i t i e s  and p o l a r i z a t i o n s .
1 8 8 .
I t  was s u g g e s te d  t h a t  d i s t o r t i o n  o f  the  M(l) o c t a h e d ra  by n e ighbour ing  
Mn^+ ions  may e x p l a i n  the i n t e n s i t y  o f  the  observed  bands .  F u r th e r  o p t i c a l  
work on a s i n g l e  c r y s t a l  o f  CaFeSi^O^ in  c o n ju n c t io n  wi th  d e t a i l e d  Mössbauer 
and n e u t ro n  d i f f r a c t i o n  i n v e s t i g a t i o n  would be u s e f u l .
I n fo rm a t io n  o b t a in e d  from a s tudy  o f  the  v a r io u s  s i l i c a t e s  in  the  
pa ram agne t i c  r e g i o n ,  u s in g  powdered a b s o r b e r s ,  i nvo lved  mainly e s t i m a t i o n  
o f  s i t e  p o p u la t i o n s  and energy  s e p a r a t i o n  o f  the lo w e r - ly i n g  c r y s t a l - f i e l d
_3
l e v e l s ,  t o g e t h e r  w i th  rough e s t i m a t i o n s  o f  X  and <  r  and hence the
degree o f  cova lency .  Cons ide rab ly  more in fo rm a t io n  was o b t a in e d  from the  
magnetic h y p e r f in e  s p e c t r a  and s p e c t r a  o f  s i n g l e  c r y s t a l s  as  would be 
e x p e c te d .  This  i n fo rm a t io n  was mainly  conce rned  wi th  sp in  s t r u c t u r e ,  exchange 
i n t e r a c t i o n ,  n a t u r e  o f  c r y s t a l  f i e l d  l e v e l s ,  s u b s t i t u t i o n a l  e f f e c t s  and 
c o v a l e n c y .
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Ileal treatment of some metamict allanites
Li m a - d h - F a r i a (1958, 1964) studied X-ray powder patterns of heat-treated allanites, 
the object in that work being to identify, by X-ray diffraction, metamict minerals that 
showed no discernible powder lines before heating. We have studied the effect of heat- 
treatment in air and vacuum on three metamict allanites, using X-ray and Mössbauer 
methods. The allanites were supplied by the Department of Mineralogy, British 
Museum (Natural History). The specimens were originally from North Carolina, 
IJ.S.A. (BM 1957, 302), Ontario, Canada (BM 1924, 314), and Arendal, Norway (BM 
42769), and were designated as A t, A2, and A3 respectively. Autoradiographic 
measurements, using previously analysed zircons (Vance and Mackey, 1974) as 
standards, gave the respective equivalent uranium contents as 0-5, 0-5, and 0-2 wt %.
X-ray diffraction data were obtained photographically, using filtered Cu radiation 
and a camera of 35 mm diameter. Although the samples contained iron, fluorescence 
was not a problem. The X-ray samples were single-crystal fragments, 1 to 2 mm in 
size. Data were obtained from the edges. Some powder patterns were also obtained. 
ß7Fe Mössbauer spectra of powders were measured using an arrangement of spectro­
meters described by Window et al. (1974). The samples were heated in platinum 
crucibles and the duration of the anneals was one hour.
No Laue spots or powder lines were observed on stationary-crystal X-ray photo­
graphs obtained from each sample; accordingly, the samples were severely damaged. 
The samples gave very broad Mössbauer spectra, which weic similar to those obtained 
by Dollase (1971) on damaged samples. After Ai was annealed in air at 400 nC, a 
diffuse Laue pattern was obtained and the pattern sharpened after annealing in air at 
progressively higher temperatures up to 900 °C. After annealing at 700 °C in air, 
rather broad lines were observed on powder photographs; the d spacings were 2 92, 
2-15, 1-90, and I -64 A ,  in agreement with the results of Lima-de-Faria (1958) for a 
Greenland all an i te annealed at 700 °C in air. The Mössbauer spectrum sharpened 
considerably after annealing in air at 700 CC and agreed with with spectra of similarly 
heated allanites (Dollase, 1971); annealing in air increased the Fen+/Fe2+ ratio, as 
found by Dollase (1971) and Remy et al (1970).
In contrast, no Laue spots were observed on stationary-crystal X-ray photographs 
obtained from A2 and A3 after annealing at 500 °C in air; however a faint, rather
S HORT  C O M M U N I C A T I O N S
diffuse powder pattern indexing as Cc02 was observed on the photographs from A2. 
An anneal at 700 °C in air was required to produce the Ce02 pattern for A3. No Laue 
spots were observed on stationary-crystal photographs until after annealing at 800 and 
900 °C in air; the Cc02 pattern sharpened as a result. The Mössbaucr results agreed 
essentially with those obtained on At.
Annealing each specimen in vacuum at 900 °C gave similar Mössbaucr results 
to those obtained after heating in air at the same temperature, except that the increase 
in the Fc3,/Fc2t‘ ratio was only slight. There were, however, indications of the forma­
tion of a small amount of Fe304 after annealing in vacuum at 700 to 900 °C (see also 
Lima-dc-Faria, 1964). No Ce02 pattern was observed on X-ray photographs. Other­
wise, the X-ray results were similar to those obtained after annealing in air.
Both air and vacuum heat-treatments at > 1000 °C produced decomposition, as 
evidenced by the appearance of powder lines on stationary-crystal X-ray photographs. 
Decomposition was complete after annealing at I200°C. From X-ray and Mössbaucr 
studies, Fe20;! (sec also Remy ct a/., 1970) and Ce02 were the first phases to form on 
decomposition in air, while Fe;,04 and Ce02 were the first phases to form on decom­
position in vacuum. In both eases, the X-ray pattern of the residual structure agreed 
fairly well with that expected from lessingile (Gay, 1957), as found by Lima-dc-Faria 
(1964); no cubic phase with a 3-52 A (Lima-dc-Faria, 1964) was found in either ease.
The appearance of polycrystalline oxide phases on annealing in air at relatively low 
temperatures (<  700 °C) seems to be a common feature of minerals that have beer, 
severely damaged by the decay of radioactive impurities. Although Lima-de-Faria 
(1958. 1964) did not observe this behaviour in allanites heated in air at <  1000 °C, 
he did observe oxide phases after annealing polymignilcs, euxenites, yttrotantalites, 
samarskites, and pyrochlores at 700 °C in air. It would seem from the present work 
that Lima-dc-Faria (1958, 1964) did not observe Ce02 formation in allanites heated at 
700 °C in air because the specimens studied by him were insufficiently damaged (sec 
also the case of zircon—Vance and Anderson, 1972; Vance, 1975). In the present work 
we have studied also a metamict samarskite from the Strangways Range, Northern 
Territory, Australia: from X-ray diffraction it was found that the cubic betafite-like 
phase (Viswanathiah ct a i, 1971) appeared after annealing at only 400 CC.
The fundamental reason for the ‘precipitation’ of cubic oxide phases after annealing 
radiation-damaged minerals at relatively low temperatures remains obscure, but it 
must relate to the detailed forms of the distortions of the structures of the minerals 
after severe radiation damage. The volume change involved in the ‘precipitation’ 
would also seem to be important (Vance, 1974). A complicating factor for allanitc is 
that the formation of Cc02is favoured by an oxidizing atmosphere, as found by Adams 
and Sharp (1970); this presumably means that Ce3+ is oxidized to Ce*L
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Abstract A Mössbauer spectrometer system, based on a 
PDP 11/10 minicomputer and capable of accumulating up to 
eight simultaneous spectra, has been designed and constructed. 
The system allows the data in each spectrum to be handled 
without interference to the other accumulating spectra. The 
computer is used to generate the velocity reference signal, 
removing the need for a separate waveform generator, and 
enabling a very smooth waveform to be calculated and used.
1 Introduction
Most Mössbauer spectrometers are based on multichannel 
analysers, and only a few somewhat specialized systems based 
on minicomputers have been described (Biran, Shoshani 
and Montano 1970, Goodman and Richardson 1966, Kalvius 
and Kankeleit 1972). The rapid fall in the price of the latter 
make these now very attractive, particularly if the simultaneous 
accumulation of many spectra is contemplated. Some multi­
channel analyser systems can be hardwired to accumulate 
multiple spectra, but in terms of simplicity and reliability of 
operation, as well as versatility, they do not compare with the 
programmed computer-based spectrometer.
Guided by our experiences with other Mössbauer spectro­
meters, we have designed and constructed a spectrometer to 
satisfy the following requirements:
(i) The system should accumulate up to eight spectra, each 
with 256 channels, and it should be possible to combine these 
groups to obtain spectra of 512 or 1024 channels if more 
resolution is required.
(ii) The data in any group should be displayed, cleared or 
read out with no interference with the accumulation of the 
other spectra.
(iii) The computer should generate the reference signal for 
the Mössbauer drivers, so that it can be made free of appreci­
able discontinuities in the derivatives. Such a smooth wave­
form is easily followed by the electromechanical vibrators.
These design objectives were achieved with our spectro­
meter, and experience has shown it to be reliable and easy to 
use. A large number of other desirable features have been 
incorporated, and we shall describe both the interfacing and 
programming necessary to make such a system in the following 
sections.
2 Equipment
At the outset, it was decided to purchase a minicomputer 
with a word length of at least 16 bits. A shorter word would 
have made necessary the use of double length words, with a 
considerable penalty in processing time and complexity of 
programming. A PDP 11/10 processor with 8 k of core store 
was chosen, partly because of the existence of other Digital 
Equipment Corporation minicomputers within the Research 
School. This minicomputer is relatively inexpensive, and 
has flexible addressing modes and a versatile instruction set. 
Software supplied with the minicomputer included an editor, 
used to develop the program, and an assembler, to translate 
the assembler language program into an absolute program.
Our peripherals included a fast paper tape reader/punch 
and a teletype. After program development, the minimum 
requirement for operation as a Mössbauer spectrometer 
would be a 15 character/s paper tape reader/punch, but most 
workers would prefer the more expensive teletype for its 
versatility. Faster peripherals, such as the fast paper tape 
reader/punch, speed up program development considerably, 
but are not necessary for operation as a Mössbauer spectro­
meter.
Additional hardware vital to the interfacing were two 
DRUG general purpose interfaces, each having a 16 bit 
output register, a 16 bit input data way, and a control and 
status register (csr). T wo bits of the csr could be set externally, 
and are called ‘Request A’ and ‘Request B\ The interface 
also provides ‘New data ready’ and ‘Data transmitted’ 
signals, after the output and input respectively had been 
accessed by the computer.
The interface was based on a standard Digital Equipment 
logic frame, and used compatible plug in electronic circuit 
boards designed and made available by Dr Iain McLeod of 
the Department of Engineering Physics. Similar circuit 
boards arc available commercially from Digital Equipment 
Corporation (Digital Logic Handbook 1973). The wirewrap­
ping of the interface and the assembly and testing of the 
circuit boards were done by a small local firm, Canberra 
Scientific Instruments. Normal precautions were taken during 
the layout and wiring of the interface. All set and reset inputs 
on binaries were connected to a logical 1 if unused, as were 
any unused inputs to gates.
The analog signals for the velocity reference and spectrum 
display were obtained from digital signals using standard 
12 bit digital to analog converters, type DAC12QZ, obtained 
from Analog Devices. These converters had 12 bit accuracy 
(1 in 1024) and a stability in gain of 30 ppm/°C, ample for 
the present requirements.
3 Operation
3.1 Basic principles
Mössbauer spectra are usually accumulated in a multiscalar 
mode of operation, where each channel of the spectrum is 
opened for the same length of time during a linear velocity 
sweep. Because of possible jitter in the computer processor 
and the varying length of instructions, the computer program 
and the interface were controlled by a crystal clock in the 
interface (figure 3). In this way, the intervals for which the 
counters were open could be made exactly constant, ensuring 
a Hat baseline, and the analog velocity sweep could be made 
as smooth as possible.
Figure 1 shows the basic synchronizing loop programmed 
within the computer. The clock sets a flag within the interface, 
and the state of this flag is tested by the computer. If set, the 
computer proceeds to the next instruction, which is to output 
the X digital signal (the velocity sweep), resetting the flag. 
Time is then available before the next clock pulse to perform
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Time 
0 /is
Time
Test flag
Output X 
Reset flag
Output Y
Test flag
Input counts
Other
computations
etc
Figure 1 The basic instruction loop used to synchronize 
the computer operations with the interface
other essential tasks, such as reading out the display and 
adding in the counts. After finishing the computation, the 
computer waits until the flag is once again set by the interface. 
Timing of the computer program to ensure that the computa­
tion can be performed in the time available is necessary. 
Because of the timing requirements, it was advantageous in 
some places to group these loops in pairs, leaving out the 
testing of the flag for the second time to increase the available 
computation time. The interface flag was still set by the clock 
and reset by the output of the X digital signal.
It was decided to use a velocity reference signal similar 
to that proposed by Cranshaw (1964), that is, a linear ramp 
during the data accumulation period followed by a flyback
period, commonly __  . e ramp period. The computer is
programmed around this basic cycle, and the flow diagram is 
given in figure 2. After the initializing steps, the program 
entered the main loop, composed of a linear velocity sweep 
period, and a flyback period. During the sweep period, the 
counts were read in and a selected subgroup displayed. During 
the flyback period, grouping information was read in and, 
when required, clearing or printing out of groups were carried 
out. It was considered desirable to maintain the frequency of 
the sweep as high as possible (but less than 20 Hz) to minimize 
the curvature of the spectra baseline due to the varying 
position o f the source during the velocity sweep. It was found 
possible, using careful programming, to achieve a sweep 
frequency of 13 Hz.
During the time of the linear sweep the incoming counts 
are accumulated in eight counters of six bit accuracy (figure 4). 
These counters are accessed in sequence by the interface, and 
their contents placed in a buffer connected to the computer 
input. After each counter has been accessed, it is cleared and
Input flyback, 
grouping data 
Initialize registers
Figure 2 The program flow diagram
counting resumed. The computer then adds the contents of 
the buffer into the current memory location, and advances 
to the next location. In this way the eight Mössbauer spectra 
are interleaved within the computer memory. Each counter is 
open for 198 ps (with 2 /is dead time) and this, combined 
with the number of bits in the counters limits the maximum 
usable count rate to about 200 k per second per block of 
256 channels.
In our interface, because of the availability of two DR11C 
inputs, the subgroups are treated in pairs, and four lots of 
two are moved cyclically into the input buffers, and hence 
into the computer. This also leads to a saving of computer 
time.
Grouping into blocks of more than 256 channels is done 
in the interface by addressing the counters out o f sequence. 
For example, if the counter sequence for 8 x 256 is AD CD EF 
GH etc., then for 2x 1024 it would be AB AB AB AB etc. 
Possible combinations are shown in table 1.
Table 1
Grouping Buffer sequence
8x256 AB CD EFGH etc.
2x512,4x256 AB CD AB GH etc.
4x512 AB CD AB CD etc.
2x1024 AB AB AB AB etc.
A  switch on the interface allows the selection of one of these 
four possible groupings (figure 3).
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Transfer
Figure 3 The clock and sequencer circuits which control 
the computer and interface operations
3.2 Timing details
The 100 kHz crystal clock delivers 0-5 /^ s pulses separated by 
50 /is (figure 3), and these pulses operate the scale of four 
sequencer circuit. This circuit activates one of the four 
outputs according to the grouping selector, selecting a pair
o f buffer counters to be accessed. This output combines with 
pulses derived from the clock (after a small delay to account 
for propagation time) to block the incoming counts to this 
counter, place the contents on the input to the buffer registers, 
transfer these contents, and clear the counters (figures 3 and
Blocking Transfer
Blocking
Counters
"|2 ' i3i |4 ri5A  ,6
>Df t l '  2
Ground 
Request B &
DR IIC« I Zero
+ y — o ' '[ > —
Inpu t
3 DR 11C« 2
Request A 
DR IIC«I
Blocking
IP  B IT U 
DR IIC#I '
Ground'
IP  BIT I ^ J / i  
DRIIC«I h  
OP B IT  I5o—^  
DR IIC#2
Pulse inputs
Figure 4 Details o f the buffer registers and multiplexors 
which allow up to eight simultaneous data channels
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4). A series of positive edge triggered monostables are used to 
produce delayed pulses for performing these circuit functions. 
After a delay of 10 / i s  the clock also sets the flag being tested 
by the computer (figure 3). The first instruction after the test 
is satisfied, the output of the X digital signal, resets the flag, 
using the ‘New data ready’ signal of DR11C #2. The computer 
then reads in the counts from the two input buffers, and 
performs other tasks. The next clock pulse gates the X digital 
signal in the output register of DR11C #2 into the 12 bit 
buffer connected to the digital to analog converter (figure 5).
In the interval from 10 /xs to 50 /xs with respect to the clock 
the computer must input the counts and output the X and Y
OP BITS 
DR IlCttl  8
9
10
11
12
13
14
15
0
1 .
2 .
3 _
4
5
6
7
Ground
357¥
9ii,% i
Ground»--'|l 
Display range
0
1
2 k
3 .
S
4 °
5 o
§
6 3
7 3I f
8 s
9
10
J !
Transfer
■ 4  
5 h
1 b i t
OP BITS. . . . .  a s f r
DRIIC#2 §
I CLHJO
|clij°
§ Öq i #
»■ >°[±i
10 C ' 3 °  
r b  
- 4
o '
°X
Y analogue circuit X analogue circuit
Figure 5 The connections between the DAC and DR11C 
units for the velocity reference (X) and the display (Y) 
signals
contents of this array are sequentially moved into the X 
register.
The overall reference waveform is given by:
Linear ramp
V= —512 + x for at = 0 to 1024.
Flyback
V= 512 — 1024 v’ + (32768/3071) (sin (2Try)
-5/32 sin (47ry)+ 1/256 sin (8rry)}
where
y  = (x -  1024)/512 and x  = 1024 to 1536.
The actual reference signal is shown in figure 6, together with 
the error signal achieved using a velocity servosystem. Note 
the absence of any spikes or oscillations which usually 
accompany discontinuities in other waveforms.
Figure 6 (a) The velocity reference waveform generated by
the computer and (b) the error signal from the velocity 
servoamplifier with the transducer operating to ±13 mm s-1
(display) signals. In programming, allowance has been made 
for variations in processor speeds of ±10% (as quoted by 
the manufacturer), and for the fastest and slowest times 
through the controlling test loop. In the case of a double 
loop, computer input and output must occur in the interval 
10 50 /xs and 50-100 /xs with respect to the clock, that is, 
0 40 /xs and 40-90 /xs with respect to the computer. Including 
the processor variation these times become 0-36/xs and 
44 81 /xs.
To ensure that the counters remain in synchronism with the 
memory locations, the two binaries within the sequencing 
circuit are set once every sweep period using bit 15 of the 
output register of DR11C #2.
3.3 Analogue reference signal
This signal (X) is used to control the velocity servosystems on 
each experiment, and good long-term stability is required. In 
the data accumulation period the linear ramp is produced 
by incrementing the output register of the DR11C#2 and 
consists of 1024 steps. The flyback waveform is given by a 
simple Fourier series, the coefficients being such that there 
are no discontinuities in the first seven derivatives of the total 
reference waveform. The values of the flyback were calculated 
on a desk computer, and read in as an array on paper tape 
during program initialization. During the flyback period, the
3.4 Analogue display signal
The contents of the displayed group were read in during the 
first part of the linear sweep period into the output register 
of DR11C#1. Display ranges of 216, 214, 212 and 210 full 
scale were achieved using a 12 bit four way multiplexor 
between this register and the digital to analogue converter 
(figure 5), that is, J2 bit accuracy on all ranges, except for the 
2'° range where only ten bits were available.
ft is'hclpful to have some form of marker on the display, 
and the simplest method of obtaining this is to use logic to 
pick every multiple of 16 off the X digital buffer register. This 
pulse is used to brighten these channels on the oscilloscope 
display.
3.5 Input o f  grouping information
To display or print out a particular spectrum, the computer 
must ascertain the starting location and the step between 
channels within the memory. The display group and grouping 
selector switches are wired to represent a five digit binary 
number, and this binary number is obtained at the start of the 
flyback cycle. The number is placed in the upper byte of the 
input register of DR11C#1 at the start of the flyback period 
by using bit 15 of the X register (this signal resets the sequenc­
ing binaries). This binary number is used to locate an entry 
in a table stored in the computer, giving the starting location
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and the steps for the setting of the two front panel switches. 
This table was stored in the computer during program 
initialization.
3.6 Clearing o f a spectrum
A selected spectrum can be cleared within one flyback period 
using the starting location and steps defined in §3.5. The 
‘Request A’ bit of the DR11C#1 was set by a push button 
and initiated the clearing cycle.
3.7 Overflows o f the memory
The use of a 16 bit word length requires a method of 
determining the number of times the counts accumulated 
in each channel exceeds the memory capacity, that is, 65535. 
Double length words could be used to increase the memory 
capacity, but with an increase in complexity of programming, 
and in the time to punch out a spectrum. Because of the 
limited time available in the sweep, it is not possible without 
increasing the sweep time to just detect the carry from the 
lower word and increment the upper word. An alternative 
involving no time penalty within the sweep would be to scan 
the 2048 words in memory over a number of flyback periods, 
and if the most significant bit is set, clear it and add one to 
the corresponding element in the array giving the upper words. 
This gives a memory capacity of (2:u-l).
In practice, the most significant bits will be the same for 
many of the data points in a spectrum, and the storage and 
processing of these extra digits for every number is inefficient. 
In the majority of cases it is only necessary to record how 
many times the contents of a single channel have exceeded 
the memory capacity of 2lfi, and punch out this number. 
This is the method we have used.
The contents of the channels 9-16 arc scanned in the flyback 
and if an overflow has occurred, the corresponding element 
of the block 1-8 is incremented. Thus the first channel of a 
block of 256 channels contains the number of times that 
65536 should be added to the second channel to give the true 
total of counts. A block of 512 channels has two such points.
One problem this method does not solve is that of spectra 
becoming ‘wrapped’ over a number of full scales of the 
memory, and care must be taken to ensure that this ‘wrapping’ 
does not exceed the capability of a processing computer to 
unravel it.
3.8 Printing
The basic cycle time of the spectrometer (13 Hz) is fast 
enough to allow one character per flyback period to be 
punched without the punching time for a spectrum becoming 
excessive. The program does the following:
(i) Punches a leader.
(ii) Punches a tape identifier.
(iii) Decodes the binary numbers by repeated subtractions to 
decimals, and punches the corresponding ASCII codes. 
Before the first number and after every eighth a carriage 
return, line feed is punched; after every other number a 
space is punched. The punching of a 256 channel spectrum 
takes two minutes.
The control of the punching involves the most complex 
programming and comprises the major portion of the program. 
Punching is initiated by a push button which sets a flag on the 
‘Request B’ bit of DR11C #1. On completion of the punching, 
bit 14 is set under program control to clear the Hag (figure 4). 
A number of safeguards are incorporated into the punching 
sequence. If the displayed group, which is the group being 
punched, is altered during punching, the punching is stopped.
The punch flag also causes the counts to the particular sub­
group to be blocked for the entire punching period (figure 4).
3.9 Power fail interrupt
One major advantage of a minicomputer not shared by multi­
channel analysers is the power fail restart feature. If the 
mains voltage drops below a certain level, the computer 
interrupts the program and allows time before switching off 
to ensure that when the power is restored, the program will 
recommence at an appropriate location. The memory contents 
are fully protected against disturbance from the power failure 
so that there is no loss of data.
4 Discussion
There are a number of features which, because of the versati­
lity of the computer based system, can be incorporated with 
little additional cost. There is ample time during the flyback 
period to perform further computations and control opera­
tions. Except when a group is being cleared, only 32 of the 
available 512 cycles of flyback are currently used, and even 
in the longest clearing operation, over 100 cycles arc still 
available. The Mössbauer program requires very little of the 
available 8 k of computer memory; in fact, only 512 words 
are required for the program and 2-7 k words for the storage 
of data and other variables. This leaves 4-8 k words available 
for further computation and data storage.
Some of this available computing power could be used to 
control experiments by sensing the experimental conditions, 
and to print out spectra at preset times. However, these 
modifications would considerably complicate the design and 
destroy one of the spectrometers most valuable assets, its 
ease of operation. At present, there is incorporated one easily 
provided facility; the computer by counting the sweep periods 
delivers a pulse on a spare bit of the X register at a fixed 
time interval ( ~ 1 -5 h) to initiate tasks such as the transferring 
of liquid nitrogen into dewars.
This spectrometer also dilfers from most other systems 
(except those from AERE Harwell) in that the reference signal 
is a ramp with flyback instead of a symmetrical sawtooth. 
The only disadvantage of this system (not to mention its 
many advantages) is that 1/3 of the available counting time 
is wasted by the flyback period. To put this in perspective, 
if these extra counts were collected, that is, no time wasted 
in flyback, the relative error in the data would be reduced 
by a factor of only T2. A shorter flyback period could be 
used to slightly improve the signal to noise. As mentioned 
earlier, only 32 flyback loops arc needed to perform the 
necessary computation (aside from clearing spectra), and 
hence the flyback period could be made not 1/2 but 1/32 of 
the sweep period. In this case, the clearing would have to be 
spread over a number of flyback periods, similar to the printing 
operation. Different waveforms to provide offset sweeps, again 
with no discontinuities, could also be read into the flyback 
waveform.
Because of the sequential accessing of the four sets of 
buffers, each of the four groups will have different centres 
for the velocity reference signal. For example, the centres of 
A, C, E and G will be separated by 1/4 of a channel, and will 
be the same as for groups B, D, F and H, respectively.
5 Conclusions
The computer based Mössbauer spectrometer satisfied the 
design objectives, and in three months’ operation has proved 
to be exceedingly reliable and easy to operate. Over 200 spectra 
have been accumulated without one occurrence of an obvi­
ously incorrect channel. Copies of the program are available.
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APPENPIX C
C . 1 E q u i v a l e n t  O pera to rs
M atr ix  e lem en ts  o f  o p e r a t o r s  e x p re s s e d  in  C a r t e s i a n  form are r e a d i l y
c a l c u l a t e d  by c o n v e r t i n g  to  an e q u i v a l e n t  o p e r a t o r  in  which x, y and z a re
everywhere r e p l a c e d  by L , L and L .x y z
Table C . l  i n c lu d e s  the e q u i v a l e n t  o p e r a t o r s  which are  h e l p f u l  in 
the  d e t e r m in a t io n  o f  the  EFG and h y p e r f in e  p a r a m e te r s .
Table C . l
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C. 2 A n a l y t i c a l  E xp res s ions  f o r  some Mtissbauer Observab les
E x pres s ions  a re  p r e s e n t e d  f o r  the  s p in  and o r b i t a l  o p e r a t o r s  
a p p r o p r i a t e  t o  the  wavefunct ion  d e f in e d  in  Eq . (4 -17)  on page 76. These 
a re  c a l c u l a t e d  u s in g  the  m a t r i x  e lements  o f  the  p re v io u s  s e c t i o n  C . l  and 
the  p r o p e r t i e s  o f  the  sp in  o p e r a t o r  as d e f in e d  f o r  the o r b i t a l  o p e r a t o r  in  
t h a t  s e c t i o n  (Eq. C - l ) . Since  the  exchange i s  a p p l i e d  in  the  x d i r e c t i o n  
the  wavefunc t ion  i s  r e a l  and a l l  terms a re  r e s t r i c t e d  t o  the  xz p l a n e .
The o r b i t a l  o p e r a t o r s  a r e :
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The s p in  o p e r a t o r s  a r e :
C4
S z = (2 a2+b2 -d2 -2 e 2) + ( 2 a ' 2+b, 2 -d 2 - 2 e ,2 ) + (2a"2+b"2 -d " 2 -2 e " 2)
Sx = (2ab + v^bc+v^cd+2de)H2a ,b , +v/6b, c , +v^c, d , +2d,e O  + (2aMb"+>/6b"c"+^6c"d"+2dne")
The d i p o l a r  o p e r a t o r s  a r e :
2 2  2 2  2 2 2 2  2 2 2 2  2 2 2  2 S (3IT-L ) = - 6 ( a  -3 ) (2a +b -d -2e ) - 3 ( 2 a '  +b' - d '  - 2 e ’ ) - 3 ( 2 a "  +b" -d" -2e"  )
S ( y ) ( L  L +L L ) = y ( / 3 a - 3 3 ) [  (2ab ' + / 6 b c ' +v^"cd ’+2de ' )  - (2ba '+v^cb ' + /6 d c ' +2ed’) ] y z y z z y z
S ( y ) ( L  L +L L ) = y(/3a+3B)[ (2abM+>/6bc"+v/6cdM+2de")- (2ba"+v^'cb”+v^'dc"+2edM)]X Z X Z Z X z
Sx ( 3L2-L2) = 3 ( a 2- 3 2+2/3a3) (2ab+v/6bc+/6cd+2de)+6(2a ,b , +v/6 b , c ' + / 6 c , d ' + 2 d ,e , )
-3 (2a"bn+v/6 b " c M+ /6 cnd u+2d"en)
S (y )(L  L -L L ) = y  [ ( 2 a ,b"+v/6 b , c ,,+v/6 c , du+2d,e n) - ( 2 b , a " + ^ c ,b ”+y6d, c M+2e , d M)] y z x y y x z
S (y) (L L +L L ) = 3 / 3 a ( 2 a a 1+bb' - d d ' - 2 e e ' )  +93(2aa"+bb"-ddn-2 e e n)Z Z X Z Z X
and th e  d i p o l a r  f i e l d  i s  o b t a in e d  from Eq. (2-49) on page 27.
